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Abstract 
 
Control of water erosion of soil at mine sites requires an ability to predict the effects 
of different management practices on soil loss.  Using soil loss models such as the 
Revised Universal Soil Loss Equation (RUSLE) requires calibration of the model 
for materials and situations that are not defined in the model’s handbook or 
software.  The outer slopes of bauxite residue disposal areas are potentially highly 
erodible surfaces, and a recent evaluation of previous rehabilitation practices at 
Worsley Alumina, Collie, Western Australia, identified areas on the bauxite residue 
disposal areas where vegetation establishment and management of long term soil 
loss could be improved.  Field experiments commencing in April 2000 at Worsley 
Alumina’s bauxite refinery, Collie, and laboratory tilting flume experiments run at 
the University of Queensland, were designed to quantify the effectiveness of 
different surface treatments on reducing short-term soil loss, and to model long-term 
erosion risks.  Crushed ferricrete caprock – rock-pitch – and different types of 
mulches, seed mixes and fertiliser rates were applied to the compacted clay batter 
slopes used to contain bauxite residue, with runoff, soil loss and vegetation 
establishment monitored periodically over 27 months.  Laboratory tilting flume 
results were related to the field data using the soil erosion models MINErosion, the 
Modified Universal Soil Loss Equation (MUSLE) and RUSLE to predict event-
based and annual soil loss for different treatments.  Turbo-mulch, a blocky, coarse 
pine bark, was the most effective surface treatment for promoting vegetation 
establishment, reducing rill formation and reducing soil loss, a result supported in 
both the field and laboratory results.  Turbo-mulch and vegetation did not reduce 
runoff, but resulted in decreased soil loss.  This shows the importance of protecting 
soil from raindrop impact and of the soil holding capacity of vegetation.  Increased   iii
seed and fertiliser rates did not significantly affect native plant numbers or foliage 
cover on topsoil without turbo-mulch.  Rock-pitch was found to be resistant to 
erosion and mass movement along a rock-pitch/compacted clay interface.  Field 
erosion measurements ranged from 0.87 t/ha/yr for turbo-mulched treatments to 7.41 
t/ha/yr for a treatment with a different seed mix, lacking turbo-mulch and lacking 
underlying rock-pitch.  RUSLE soil loss predictions based on soil properties and soil 
loss estimates from the MINErosion model ranged from 0.27 to 60.0 t/ha/yr.   
RUSLE predictions based on tilting flume data ranged from 0.14 to 81.1 t/ha/yr.  
RUSLE overpredicted soil loss for treatments without turbo-mulch, and 
underestimated soil loss for turbo-mulched treatments, necessitating calibration 
based on the unique materials trialed in this study.  The relative soil loss measured 
in the field was best represented by RUSLE predictions based on tilting flume data 
rather than the MINErosion model.  MINErosion did not adequately describe the 
effect of bulk density and infiltration on soil loss of compacted/consolidated 
materials.  MUSLE and RUSLE are adequate models for the Western Australian 
conditions of this study, but further research is required to calibrate the C factor for 
turbo-mulched surfaces and calibrate the P factor for rock-pitch. 
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Chapter 1  Introduction 
   2
1.1  Problems and Management of Soil Erosion 
 
The composition of a soil surface and its vegetation cover affect the rate at which 
soil erodes, the stability of the biological communities present, and the capacity of 
the land to sustain current and future land uses.  Reviewing the effects of different 
combinations of soil surface properties on soil erosion and vegetation establishment, 
inferring the hydrogeological mechanisms and interrelationships that occur, and 
making predictions for future soil and vegetation developments are of paramount 
importance for land management. 
 
Soil formation from weathered rock in Australia has been estimated to be around 1 
mm depth in 100 years (Coles and Moore, 1998), equivalent to 0.15 t/ha/yr, 
assuming a bulk density of 1.5 t/m
3.  Other estimates place soil formation at 0.4 
t/ha/yr (Beale and Fray, 1990).  Both estimates are considerably lower than 
estimated soil formation rates of up to 2 mm/yr, or 30 t/ha/yr, identified in Canada 
and the United States of America (Skinner and Porter, 1995; Press and Siever, 
1998).  While the rate of soil formation depends on climate, parent material, 
topography and biological activity (Levin, 1990), the relatively slow rate of soil 
formation that occurs in Australia suggests these land surfaces have a high 
susceptibility to degradation through accelerated soil erosion.  It also raises 
questions about the usefulness in Australia of the concept of soil loss tolerance, 
which is based on the concept that rates of soil loss should not exceed those of soil 
formation (Roberts, 1992; Karlen et al., 1999).  The aim of erosion management in 
Australia may more realistically become one of minimisation rather than using 
tolerable soil loss as a benchmark for judging the acceptability of erosion rates. 
   3
Soil erosion by water poses many problems in a mining environment.  Large, steep-
sided holes usually remain following open cut mining because the overburden has a 
relatively small volume compared with that of the ore removed.  Strip-mining, 
where dragline buckets remove soil from a 60 m x 60 m x 10000 m trench and 
deposit it in a previously dug, parallel trench, produce a series of parallel spoil piles 
up to 30 m high with side gradients of up to 75 % (Bell, 1986).  From a legal and 
engineering perspective, soil erosion needs to be controlled to maintain the 
structural stability of any construction containing mine tailings, waste rock or waste 
liquids (Evans, 2000).  From an operational perspective, erosion can limit access to 
the site for the establishment, maintenance and use of utilities and roads.  Erosion is 
also significant for the environment, as it depletes the soil of nutrients, reduces soil 
structure and makes plant establishment difficult.  Erosion can also contribute to the 
sedimentation in waterways both on-site and off-site, as well as affecting patterns of 
water flow in drainage systems (Lentz et al., 1990).  These problems differ from 
those in an agricultural setting based on differences in soil composition, topography 
and management practices (Sheridan et al., 2000).  Agricultural erosion control is 
often more concerned with reducing the loss of food productivity as soil is eroded, 
or with preventing unproductive soil from encroaching on more productive 
agricultural areas.  Often, this may involve containment measures, such as check 
dams, rather than taking steps to improve the quality of the eroding, unproductive 
land area (Lowdermilk, 1928).  The higher surface gradients present on mine sites 
and the degree of rockiness of mine spoils often prohibits the use of equipment and 
techniques used in revegetation of agricultural areas (USDA, 1968).  These include 
tillage, drill seeding, high pressure and point injection of fertiliser, and the 
application of fertiliser to planting rows to reduce fertiliser loss (Gebhardt et al., 
1985).     4
 
Many factors affect soil loss, and these are prime considerations for soil stabilisation 
and rehabilitation.  The topography - gradient and slope lengths - has been shown to 
significantly affect the nature and quantity of soil loss (Evans, 2000; Renard et al., 
1994; Roberts, 1992; Wischmeier and Smith, 1978, Zheng et al., 2000).  However, 
vegetation cover can in many circumstances alleviate the effects of these factors, 
and much effort has been made to establish pre-existing vegetation in denuded areas.   
 
Several methods to increase vegetation establishment have been explored.  Topsoil 
has been found to be significant in vegetation establishment on waste rock dumps, 
with an optimum depth of spread of 10 cm varying to no less than 5 cm (Evans, 
2000; Bradshaw and Chadwick, 1980).  This depth is sufficient only as a seed bed 
and moderate store of nutrients (Bradshaw and Chadwick, 1980), but provides an 
initial impetus to plant development.  Hydro-mulching, or spraying the seed as a 
mixture of cellulose pulp, binder, fertiliser and seed, can provide protection to seeds 
in the form of shade, moisture retention and better adherence of seed to the soil.  It 
has been found, though, to leave seeds more vulnerable to weather variations than if 
buried by traditional methods (Bradshaw and Chadwick, 1980), such as ploughing 
or seed injection.   
 
An understanding of the processes of erosion is needed to most effectively manage a 
soil and establish vegetation for erosion reduction.  For example, contouring is 
effective in redirecting concentrated runoff along a less erosive path (Kleinman, 
1996), while mulch or litter cover is effective for reducing the susceptibility of soil 
to erosion where raindrop splash is more significant than concentrated runoff 
(Sheridan and So, 1998).  The effectiveness of soil management techniques for   5
reducing soil erosion needs to be assessed in light of the underlying erosion 
processes, to allow erosion reduction techniques to be improved. 
 
 
1.2  Processes of Water Erosion 
 
Erosion dynamics and susceptibility to erosion depend on the characteristics of 
rainfall, the properties of the soil, topography, vegetation and time.  Soil erosion by 
water involves detachment and then transport of soil particles.  Material is generally 
detached from a slope surface at a greater rate than soil is lost off the slope, because 
the detached material is in a constant cycle of detachment, transport, deposition and 
detachment before it reaches the bottom of the slope (Evans, 2000).  Changes in 
topography, vegetation and soil characteristics alter runoff flow and transport 
capacity to provide opportunities for deposition (Mutchler et al., 1994).  The two 
main processes by which detachment and transport occur are raindrop splash and 
runoff.   
 
Raindrop splash is the most significant factor providing energy for soil detachment, 
causing soil particles to be thrust upwards on impact.  Slope does not affect the 
amount of soil detached by raindrop splash (Rose, 1985), though aspect may have an 
effect, with the angle at which rain is directed or blown onto a surface affecting the 
energy of this raindrop impact (Steiner et al., 2000).  There is limited transport away 
from the site of drop impact with some preferential transport downslope (Rose, 
1985).   
   6
In the absence of runoff, there will be limited soil erosion by water.  Runoff 
generation begins after rainfall intercepted by soil saturates the surface soil’s water 
storage capacity (Stone et al., 1996), which in turn depends on soil pore space and 
antecedent water content (Sirjacobs et al., 2001).  Runoff occurs when the rainfall 
rate exceeds the soil’s infiltration rate (Kinnell, 1995), and therefore its volume is 
not dependent on gradient.  At low slopes, runoff provides soil transport but causes 
negligible soil detachment.  Runoff can also provide an absorption layer, protecting 
the soil from further raindrop impact (Rose, 1985).  However, as slope increases, the 
runoff layer becomes thinner because the constant runoff volume flows with higher 
velocity.  The role of runoff in soil detachment and transport increases on steeper 
slopes because these allow gravity to increase runoff velocity and produce higher 
energy, more erosive runoff (FitzHugh and Mackay, 2001).  Also, as water flows 
down a greater slope length, it has a longer time to gain velocity, or kinetic energy.  
This is why slope gradient and length feature in many soil erosion models and 
erosion textbook accounts of soil erosion by water (Evans, 2000; Renard et al., 
1994; Roberts, 1992; Wischmeier and Smith, 1978).   
 
Aspect can affect soil erosion through its effects on sun and wind exposure, and 
therefore antecedent water content (Ferris et al., 1996).  Water retention on the 
hillslope will promote revegetation success, and by so doing will stabilize the 
reclaimed land surface (Lidstone and Jones, 1996).  However, higher antecedent 
moisture content increases a soil’s predisposition to erosive runoff generation 
(Lawer, 2001).  Therefore, any actions to increase moisture retention on an exposed 
slope will need to be associated with strategies that enhance vegetation 
establishment. 
   7
Sediment transport is linearly related to stream power, which is proportional to bed 
shear stress, flow velocity, bed slope and discharge (Rose, 1985).  Soil detachment 
by runoff only occurs if the runoff is turbulent (Graf, 1984; Merten et al., 2001).  
This is because calculated mean soil shear strength is three orders of magnitude 
greater than calculated mean water flow shear stress (Merten et al., 2001).   
 
As runoff re-entrains and transports previously detached soil particles, the runoff 
sediment concentration increases.  This reduces soil detachment through reduced 
turbulence (Merten et al., 2001) and also reduces the capacity of the runoff to 
entrain more sediments (FitzHugh and Mackay, 2001; Merten et al., 2001; Sirjacobs 
et al., 2000).  Two factors are involved: decreased flow depth and excess flow 
power – the power not involved in moving the existing sediment load (Abrahams et 
al., 1998).  Erosion upslope/upstream that was ‘source-limited’ becomes ‘transport-
limited’, downslope/downstream (FitzHugh and Mackay, 2001).  Deposition 
increases to a point where no net soil loss occurs on a particular slope segment 
where erosion is transport limited, and net deposition occurs downslope (Zheng et 
al., 2000). 
 
There are also two main types of erosion, interill and rill erosion.  Rills are channels 
running downslope where concentration of flow has caused deeper erosion.  Runoff 
tends to become concentrated as it flows downhill because of the surface tension 
properties of water (Mutchler et al., 1994).  Rocky crevices and ridges, uneven soil 
surface, uneven soil compaction, plant stems (Lawer, 2000) or an increase in land 
gradient (Ferris et al., 1996) can also contribute to concentration of flow.  The 
MINErosion soil erosion model (Sheridan and So, 1998) shows that as slope 
increases, rill erosion increases to exceed interill erosion.  Rills are more likely to   8
form after a rainfall event, through bed-friction turbulence in runoff, than through 
more evenly distributed turbulence induced by rain during an event (Rose, 1985).  
Rill patterns show variability over time, since interill erosion can be sufficiently 
high to change the position of concentrated soil loss, or rills.  When rills erode to a 
soil layer less susceptible to erosion, the rills become wider as the more erodible 
surface layer erodes first, and erosion rate decreases (Charman and Murphy (eds.), 
2000).   
 
Alternatively, as erosive energy of this concentrated flow increases with further 
addition of water or an increase in gradient, head-cutting, or widening of the upslope 
end of rills as soil is lost from rills downslope, can also occur, and rills may continue 
widening and deepening to form gullies (Ferris et al., 1996; Roberts, 1992).  This 
gully formation is more prevalent on soils with high silt content (Rose, 1985), less 
so on sandy soils, with clay generally most resistant to erosion (Toy et al., 1999).  
Though silts contribute to soil structure (Beale and Fray, 1990), the larger sand 
particles provide greater pore space and infiltration, and clays most effectively 
contribute to soil structure formation.  Sand particles also increase pore space and 
infiltration, and tend to protect rills from further erosion when deposited in rills 
(Rose, 1985).   
 
Factors such as surface sealing, soil consolidation, aging and compaction reduce 
infiltration and increase potential runoff formation (Lawer, 2000; Ruan et al., 2001), 
and therefore affect water erosion.  Surface sealing occurs when raindrop impact 
compacts and displaces soil particles such that soil pores are filled or reduced in size 
(Shainberg and Levy, 1996; Lawer, 2000).  Soil consolidation occurs over time as 
rainfall impacts on the soil and, particularly for soils with a less stable structure or   9
fine conducting pores, as water infiltrates downwards, producing negative pressures 
in the soil (Sirjacobs et al., 2000).  Soils age as a result of soluble soil components 
cementing soil particles (Sirjacobs et al., 2001).  Soils that are 
consolidated/compacted or have increased bulk density show increased resistance to 
detachment (Lentz et al., 1990).  Above a certain compaction, however, decreased 
permeability and increased runoff increase the risk of soil loss (Sheridan and So, 
1998).  Also, reduced infiltration and increased runoff generation of a sub-soil layer, 
or restricted free drainage of a soil, can increase erosion of a more permeable 
surface layer (Cruse et al., 2001; Zheng et al., 2000).   
 
 
1.3  Worsley Refinery Operations 
 
Worsley Alumina Pty. Ltd. operates an alumina refinery in the central Jarrah Forest 
on the western portion of the Darling Range, 20km north-west of Collie, Western 
Australia – 33.363
oS 116.157
oE.  Alumina refining commenced in 1984, with 3.1 
million tonnes of alumina currently being produced annually using the Bayer 
process.  Bauxite residue (mixture of red mud and sand residue, and a low level of 
residual sodium hydroxide, sodium carbonate and sodium bicarbonate) is a by-
product of the alumina refining process and is deposited in contained bauxite residue 
disposal areas (BRDAs). The residue is contained within a system of drainage layers 
and a basal clay liner and a clay embankment (batter) constructed in a series of lifts 
(Plate 1.1).  Using the upstream construction method, each lift was constructed with 
locally sourced kaolinitic clay compacted to within 98% of standard Proctor 
compaction (Andrew Speechly, personal communication, 2000) (Standards 
Australia, 1993).  By using this method the embankment raises are partially   10
constructed on top of stored residue.  The lengths of the batter slopes vary from 12-
40 metres and slope angles are estimated to range between 18 – 30 degrees. Most of 
these embankments have been partly or completely revegetated with jarrah forest 
plant species (Worsley, 1999, unpublished report to Worsley).   
 
An internal review of rehabilitation practices on batter slopes in 1999 found that 
slope angles and lengths were excessive, with extensive sheet, rill and gully erosion 
present on batter slopes.  Run-on from the roadways (berms) along the batters was 
found to contribute to erosion, and it was recommended that this be diverted at all 
times.  A second batter review commissioned by Worsley Alumina agreed with 
these findings, noting the occurrence of water erosion particularly on lifts higher 
than around 5 m. 
 
It was also found that maximising vegetation cover and species diversity could 
increase batter stability.  A significant number of seeded species did not 
subsequently establish on the batters, and plant numbers and density decreased with 
time.  The revegetation practices to date might be satisfactory for erosion reduction, 
but further assessment of the sustainability of vegetation cover was suggested, 
particularly given the possibility of disturbances such as fire and extreme erosion 
events of a magnitude that may not have occurred so far.  The second batter review 
again supported these findings, suggesting that a conservative management and 
design strategy would be appropriate.  Recommendations for improved revegetation 
practice were developed from benchmarking Worsley’s batter rehabilitation against 
other mining sites in Western Australia and Indonesia.  Recommendations included 
modifying the seeding rate and species mix, and using alternative methods of soil 
stabilisation, including cross-slope scarifying, rock-pitching, erosion control   11
matting, adding topsoil, and hydro-mulching.  It was also recommended that the 
effect of erosion on initial vegetation establishment be investigated. 
 
 
 
 
Plate 1.1  Bauxite Residue Disposal Area 2 (BRDA2) at Worsley Alumina Refinery, 
Collie.  This shows the bauxite residue slurry contained by clay embankments 
constructed in a series of lifts, and stabilised on their outer surfaces with rock-pitch. 
 
 
A field evaluation of the effectiveness of different surface treatments was considered 
necessary, and the present study was conducted from May 2000 to September 2002 
to improve the rehabilitation of BRDA batter slopes at the Worsley Refinery.  The 
aims were firstly to reduce erosion of the slope, a prerequisite for maintaining the 
structural integrity of the clay embankment (batter) constructed to contain the 
caustic bauxite residue.  Secondly, the establishment of heath-form vegetation 
compatible with the surrounding jarrah forest was considered as a means of 
improving the aesthetic qualities, ecological integrity and slope stability.  Around 
300 species of native plants have been found in areas of south-west Western 
Australia where bauxite is mined (Pate, 2000).  Vegetation that is diverse and self-
propagating will allow for longer term stability (Foster, 1989). 
   12
Because of the long term nature of erosion processes, and of the possibility of 
erosion events occurring that are more extreme than has occurred during the period 
of site monitoring to date, the use of suitable erosion models was considered useful 
for examining appropriate or suitable batter design for effective erosion control.   
Erosion models have been used to predict soil erosion from designed landforms at 
minesites, which is useful for reducing rehabilitation costs by choosing and creating 
a satisfactory final landform at the commencement of earthworks (Evans, 2000; 
Sheridan et al., 2000).  However, models are also useful for assessing the effect of 
surface amelioration techniques (Silburn and Loch, 1992), for estimating how much 
soil would be transported to surface waterways (Evans, 2000) and for complying 
with government regulations as to acceptable soil loss (Lentz et al., 1990).  Erosion 
models must also be able to predict the long term soil loss for an area (Silburn and 
Loch, 1992), particularly where the containment of potentially hazardous mining by-
products is required.  It was for these reasons that soil erosion models were used in 
this project. 
 
As a partial response to the above assessment, Worsley Alumina adopted a new 
process for surface stabilisation of batter slopes.  Following embankment 
construction the batters were rock-pitched with a 300 mm layer of variable-sized 
ferricrete (Plate 1.1).  Part of the present study involved determining the 
effectiveness of rock-pitch for erosion control and revegetation.  
 
 
 
 
1.4  Aims, Objectives and Expected Outcomes   13
 
The aim of the present research at Worsley was to trial alternative surface 
stabilisation and revegetation techniques in order to develop a revised batter 
rehabilitation prescription and ultimately improve the success of batter 
rehabilitation.   
 
This involved: 
 
1) testing treatments that protect bare, unconsolidated soil from raindrops and 
run-off water, especially during the early establishment phase for vegetation.  These 
were compared with a control treatment being current best practice at Worsley 
Alumina which involves clay surfaces shaped to a slope of 1:2.75 (36 %), covered 
with rock pitching, topsoil, and then hydro-mulched with a mixture containing 
native seed.  Vegetation assessment and field measurement of soil loss were 
important parts of the treatment comparisons.   
 
2) use of a laboratory flume and rainfall simulator (Sheridan et al., 2000a).  This 
was done to 
•  provide information about interill and rill erodibility of the soil materials, 
•  show the effect of consolidation on erodibility values, 
•  determine the effect of slope and vegetation on runoff and soil loss, and 
•  determine the stability of rock-pitch on a compacted clay surface. 
 
3) predicting potential event-based and long-term average erosion rates under 
prevailing climatic conditions using soil erosion models. 
   14
The expected outcomes of the research for erosion control at Worsley Refinery 
were: 
1) predicted soil erosion from unconsolidated or consolidated surfaces and 
various surface treatments as a function of slope and slope length, and in 
combination with vegetation cover, when subjected to an appropriate design storm 
that can be expected to occur in the region 
2) optimal combinations of slope gradient, slope length and vegetative cover 
that are likely to result in acceptable rates of erosion 
3) assessment of the requirement and effectiveness of topsoiling for 
vegetation establishment 
4) assessment of the requirement and effectiveness of early stabilisation 
techniques such as mulching and cover crops 
5) improved seed mixes and seeding rates for revegetation and erosion 
control 
6) predicted vegetation sustainability and long term slope stability 
 
 
 
 
 
 
 
 
 
   15
Chapter 2  Field Trial Site Establishment and 
Characterisation 
 
2.1  Layout of Field Plots 
 
Field site preparations were carried out from 17
th to 19
th April 2000.  Four
1 
replicates of each soil treatment were set up as 10.5-14 m (length down slope) x 7 m 
(width) plots on the eastern-facing batter of Bauxite Residue Disposal Area 2 
(BRDA2) and the south-facing batter of BRDA4X.  BRDA2 was further divided 
into ‘BRDA2a’ and the steeper northern section, ‘BRDA2b’ (Plate 2.1).  The plot 
lengths depended on the areas of batter available for the trial and on their 
accessibility for earth-moving equipment.  The rockiness of ferricrete covering of 
sites was visually assessed, and gradient was professionally surveyed.  Blocks 
representing a replicate of each of the treatments for a particular experiment (erosion 
or vegetation) were marked out such that two replicates were sited on surfaces 
visually categorised as coarse ferricrete surfaces, and two replicates were on 
surfaces with considerable fines in the voids between rocks (Plates 2.2 and 2.3).  
The treatments were assigned to plots within each block in a random order
2 on 
BRDA2a and numerical order on BRDA2b (Appendix 1).  
 
 
1.  Because of the nature of some of the treatments, one had no replication and two treatments had two replicates 
(see p 22 and Appendix 1). 
 
2.  Some plot positions were reversed: D1 and D2, D5 and D7, and C2 and C7 (see Appendix 1).  This was done 
because of mistakes in applying the right treatments. 
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Plate 2.1  Experimental site prior to treatment application, with BRDA2a in the 
background, and the steeper BRDA2b in the foreground. 
 
 
Plate 2.2  Representative patch of subjectively designated ‘coarse rock-pitch’, with a 
pen showing scale. 
 
 
Plate 2.3  Representative patch of subjectively designated ‘fine rock-pitch’, with a 
pen showing scale. 
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2.2  Treatments 
 
The treatments were: 
 
1.  Best previous practice: Topsoil, hydro-mulch seeding with old seed mix and 
lower fertiliser rate mixed in with the hydro-mulch.  i.e. no rock-pitching. 
2.  Best practice (BP): Rock pitching, topsoil, hydro-mulching, broadcast 
application of new seed mix and double fertiliser rate prior to hydro-mulching 
3.  BP with lower seed rate  
4.  BP with lower fertiliser rate 
5. BP  without  hydro-mulching 
6. BP  without  topsoil 
7.  BP with turbo-mulching instead of hydro-mulching - seed and fertiliser 
broadcast on top of turbo-mulching  
8.  BP with turbo-mulching instead of hydro-mulching - seed and fertiliser 
broadcast below top third of turbo-mulch 
9.  BP on steeper slope – two replicates only 
10.  BP on steeper slope without topsoil – no replication 
11.  BP on a southern aspect on BRDA4X and similar slope to BRDA 2 – two 
replicates only 
 
The rock pitching consisted of coarse ferricrete placed as a 25-35 cm deep cover 
over the clay surface.  The surface of the rock pitching was roughened by dragging 
an excavator bucket across the surface, to allow better holding of the topsoil placed 
on top of it. 
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The turbo-mulch was placed to a depth of 3-4 cm.  The turbo-mulch consisted of 
blocky pine bark blown out of a large hose directed by operators walking on the 
slopes.  The hydro-mulch was prepared by mixing 150 kg paper mulch, 12 kg cereal 
rye, 30 L of polymer binder and 9000 L water.  On a per plot basis, this equates to 
3.75 kg paper mulch, 0.3 kg cereal rye, 0.75 L of polymer binder and 225 L water.  
This was spread to a depth of around 1 cm, pumped from a movable nozzle mounted 
on a truck driven along the base of the slopes. 
 
For the ‘Best Previous Practice’ plots, the seed and fertiliser was mixed with the 
hydro-mulch.  The quantities of these were 41.25 g and 3.75 kg, respectively per 
plot. 
 
For plots that required a covering of turbo-mulch on top of the seed sown, 2-3 cm of 
mulch was first spread, followed by the seed and then the final 1-2 cm of mulch. 
 
The topsoil used was obtained from the Bauxite Residue Disposal Area BRDA5 site.  
This topsoil had been stockpiled for 6-8 months, and was originally stripped from a 
0-10 cm layer in the surrounding jarrah forest.  Topsoil was spread to a depth of 12-
18 cm. 
 
Topsoil spreading and hydro-mulching were carried out before the rainy season.  To 
reduce the risk of the topsoil being washed away in the event of rain, mulching was 
carried out as soon as possible after the topsoil was put in place.   
 
The fertiliser used was superphosphate with 0.60 % copper, 0.30 % zinc and 0.06 % 
molybdenum.  This was applied at a rate of 800 kg/ha for most plots, and at 400   19
kg/ha for the ‘Best Previous Practice’ and ‘BP lower fertiliser’ treatments.  It was 
applied on all treatments other than ‘Best Previous Practice’ separate rather than 
incorporated in the hydro-seeding mixture, to reduce the amount that dissolved and 
leached upon application.  For pasture and crops grown in soils other than loam and 
clay soils, recommended rates of superphosphate copper-zinc-molybdenum fertiliser 
application do not exceed 400 kg/ha (Agriculture Western Australia, 2000).  For 
native jarrah forest vegetation used in rehabilitation, around 450 kg/ha of 
superphosphate is a typical application (Koch et al., 1988).  However, bauxite 
refinery rehabilitation experience suggests that 800 kg/ha is not inhibitory to native 
species growth (Andrew Speechly, personal communication, 2000), and so this 
higher rate was trialed in this study. 
 
 
 
 
Plate 2.4  BRDA2a just after treatment application.  Going from the foreground to 
the distance, the treatments shown are turbo-mulch – ‘BP seed then turbo’, rock-
pitch – ‘BP no topsoil’, bare topsoil – ‘BP no mulch’, and hydro-mulched plots.  
 
 
 
The ‘old seed mix’ used for ‘Best Previous Practice’ was considered ‘best’ in terms 
of plant numbers established.  The ‘new seed mix’ consisted of fewer trees and tall 
Acacias, and more species with prostrate forms, creepers, groundcovers, and plants   20
with low, dense habits.  This was to decrease the area of bare soil which increases 
erosion risk, and to reduce canopy height to less than 2 m to decrease raindrop 
kinetic energy, which often increases as foliage-intercepted raindrops join and re-
fall as larger drops (Stocking, 1994).  The number of species seeded was also 
increased from 20 to 62.  Other mine sites seed around 30 native species (Foster, 
1989).    Non-endemics were considered acceptable provided they were not known 
to be competitive.  Cereal rye was used as a pioneer stabiliser.  Previous experience 
at the Worsley Refinery suggests this species does not compete with the other 
species and usually dies within a year.  Its pollen is killed by drying out in a hot, dry 
summer, and viable seeds of cereal rye deteriorate more rapidly than those of other 
cereals (Department of Agriculture, 1994). 
 
The seed was spread at a rate of 5 kg/ha.  Previously, Worsley used about 2.5 kg/ha, 
with standard rehabilitation rates being around 1.5 to 3 kg/ha (Worsley, 1999, 
unpublished report to Worsley).  The higher rate of 5 kg/ha was used for the ‘Best 
Previous Practice’ in the interests of comparability with the other treatments.  The 
lower seeding rate of 2.5 kg/ha was only used for ‘BP lower seed’. 
 
A 20 cm high bund was placed at the top of the batter slopes to intercept runoff from 
the berm/road above.  Bunds 20 cm high were also placed downslope along the 
edges of the ‘Best Previous Practice’ plots to prevent runoff from the higher 
surrounding plots that had rock-pitching. 
 
In response to kangaroos grazing and disturbing the soil surface on BRDA4X 
following cereal rye establishment, and on BRDA2 after March 2001, a 1.8 m high 
wire fence was placed around all experimental plots in May 2001 except the steeper   21
BRDA2 plots, where a fence was installed on 27 July 2001.  No further grazing by 
kangaroos was observed after installation of the fences.   
 
 
2.3  Topsoil and Rock-pitch Properties 
 
2.3.1  pH, electrical conductivity and water content 
 
To provide background information about soil conditions, samples were taken: 
1)  from randomly selected blocks prior to treatment application in May 2000 – 
surface 0-2 cm and 5-10 cm deep into the rock-pitch, and into the clay layer 
beneath for all Best Previous Practice plots, and tested for pH (Rayment and 
Higginson, 1992), and gravimetric water content at 105
oC, 
2)  from all blocks following treatment in July 2000 – surface 1-2 cm and 10-15 
cm deep, tested for pH and electrical conductivity (EC), and 
3)  from all blocks in October 2001 – surface 1-2 cm and 10-15 cm deep, tested 
for pH. 
 
The samples were a bulk sample for each plot, combined from 3-4 randomly 
sampled points in each plot.  Samples were collected from the above depths (0-2 cm, 
5-10 cm and 10-15 cm), regardless of the material and layers present. 
 
pH was tested 2-6 days after the samples were taken, with water content assessed 8-
9 days after testing.  All samples were sealed in plastic bags when collected.  Four g 
of the sampled soil fraction smaller than 2 mm was mixed with 20 mL of deionised 
water and left to stand for 30 minutes before testing for pH (Rayment and   22
Higginson, 1992).  Electrical conductivity measurements were taken using the same 
1:5 diluted samples (Rhoades, 1982), immediately following the pH testing of each 
sample. 
 
pH, electrical conductivity and water content results are detailed and discussed in 
the vegetation chapter, Chapter 4. 
 
 
2.3.2  Particle size distribution 
 
The particle size distribution of site topsoil and the two categories of rock-pitching 
was assessed by sieve analysis.  The rock-pitch samples were collected to their full 
depth in the field from a single 50x50 cm square, using a shovel and hessian bags. 
 
Compared with coarse rock-pitching, the fine rock-pitching had the greater 
proportion of particles of size less than 1-2 cm, with the topsoil containing the 
greatest proportion of particles less than 1-2 cm.  Topsoil lacked particles greater 
than 2-4 cm (Figure 2.1). 
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Figure 2.1  Particle size distribution of topsoil and rock-pitching used on batter trial 
plots. 
 
 
2.4  Schedule for Application of Treatments 
 
DATE ACTIVITY 
22-24 May 2000  Topsoil spread on BRDA2 
22 May 2000  Seed and fertiliser on BRDA2: plots E5, 
F5, G5, H5, Q 
23 May 2000  Seed and fertiliser on BRDA2: plots A1, 
A3, B1, B3, E1, E2, E3, I, J, K, L  
24 May 2000  Seed and fertiliser on BDRA2: plots C1, 
C3, D1, D3, F1, F2, F3, G1, G2, G3, H1, 
H2, H3 
25 May 2000  Turbo-mulch spread, 
Seed and fertiliser on BRDA2: plots A4, 
B4, C4, D4, E4, F4, G4, H4 
29 May 2000  Seed and fertiliser on BRDA2: plots R, S, 
T 
30 May 2000  Seed and fertiliser on BRDA4x, erosion 
pins placed on BRDA2b 
8 June 2000  Hydro-mulch spread, including seed and 
fertiliser for plots A2, B2, C2 and D2 
only. 
 
Winds were very strong when the plots on BRDA4X were seeded and fertilised, 
which may have affected the evenness of seed and fertiliser distribution. 
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Chapter 3  Field Estimation of Erosion and Runoff from 
Batter Slopes with Different Surface Treatments 
 
3.1  Introduction 
 
The measurement of runoff and erosion in the field is most commonly done using a 
trough at the base of a slope to direct sediment and runoff into a stilling tank 
(Brooks et al., 1991).  Commonly, the collection slope is bounded by plastic, metal, 
wood or concrete walls inserted at least 10 cm into the soil (Brooks et al., 1991), or 
by soil berms preventing run-on and run-off from adjacent areas (Karlen et al., 
1999).   
 
Through-flow, or the water moving laterally below the soil surface, is sometimes 
also assessed.  One method to assess this is placing a slotted irrigation drainpipe at 
the bottom of a trench at the slope base, with the water piped to a sump (Stevens et 
al., 1999).  Surface flow and through-flow can be measured and sampled using a 
flume, weir, tipping bucket or flow meter.  Weirs are more accurate than flumes 
(Brooks  et al., 1991), particularly at low flow rates, though both methods are 
commonly used.  Sumps that collect and store runoff and sediments for periodic 
sampling and depth measurements have also been employed (Khan and Ong, 1997).   
 
Small field plots, around 1 x 1 m or less, are used to study in detail interill erosion 
processes.  Universal Soil Loss Equation (USLE) standard plots, 22.1m long with a  
9 % slope, are large enough to represent interill and rill processes.  Larger plots, or 
unit-source watersheds, are used to evaluate large scale erosion control practices,   25
such as contouring, stripcropping and terraces.  The major limitation with these is 
that results from one watershed are hard to apply to other watersheds (Mutchler et 
al., 1994).   
 
This investigation aimed to identify which surface treatment(s), among a range 
tested, generated the least soil erosion.  Because the USLE-scaled field plots 
consisted of artificially layered materials of varying composition, permeability and 
erosivity, a consideration of both surface runoff and throughflow was required.   
 
 
3.2  Materials and Methods 
 
Rill assessment was done on all plots by counting rill numbers and measuring their 
width and depth.  This was done along a transect following the contour 3-4 m above 
the base of each plot.  Measurements were taken at Worsley at approximate two 
week intervals between July and October 2000, 2001 and 2002, then every one to 
two months in the intervening periods. 
 
Two sets of two erosion pins, or steel rods, were placed to a depth reaching the clay 
layer in all plots, 2-3 m from the base of each plot, upon which a wooden beam 
could be placed as a reference level for measuring soil depth changes.  Depths were 
measured at 10 points marked 10 cm apart on the beam.  This is similar to methods 
used by Moir et al. (2000).  Initial relative soil depths for all plots were recorded 
between 21 September and 4 October 2000, with subsequent measurements taken 
during the wetter winter months of July to August 2001.  In October 2001, two more   26
sets of two pins were installed 4-5 m from the top of each plot, to assess erosion 
dynamics in terms of material being eroded from above and deposited below. 
 
Total and cumulative runoff and soil loss were collected at the base of selected 
slopes using galvanised iron sumps and troughs (Table 3.1). 
 
 
Table 3.1  Location and number of sumps and troughs installed on treatment plots. 
 
TREATMENT SUMPS  PRESENT TROUGHS  PRESENT 
Best Previous Practice  2 plots  2 plots 
Best Practice (BP)  1 plot  2 plots 
BP turbo then seed  NONE  2 plots 
 
 
Sumps were constructed using sheet metal, with angle iron reinforcing and a metal 
lip on the upslope side of the sumps, keyed into the clay layer of the slope.  A slope 
of concrete and blue metal was created to fill in the bench made by keying in the 
sheet metal (Plate 3.1).  The gap between the sump and the slope was filled with 
concrete (Figure 3.1).  This allowed most of the runoff and flow through the 
mulch/topsoil/rock-pitching to be collected.  This was found to be necessary because 
of sump deformation under the weight of the slope, and because water was seeping 
behind and underneath the sumps, displacing them and destabilising the slope.  A 
sand and blue metal bed was placed under the sumps to intercept any water that by-
passed the keyed-in sheet metal.  This was completed on 28 July 2000.   
 
Holes were dug for the sumps to be placed in blocks C and D.  Cost prohibited the 
installations, and some slumping mass movement of the slopes occurred.  This was 
alleviated by re-filling the gap with clay and placing rock-pitch at the base. 
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Plate 3.1  Sumps installed in the field plots, with a close-up of the blue metal and 
concrete wedge. 
 
 
 
 
Figure 3.1  Cross section of sumps installed in the field plots. 
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In October 2000, concrete bunds were created along the lower left side and lower 
right side of the plot borders for those plots with sumps.  This was done to reduce 
the diversion of runoff from these plots around the sides of the sumps. 
 
Measurement of water and sediment depth at two points (Figure 3.2) in each of the 6 
half-sumps (3 plots) began on 4 August 2000.  A metal rod marked with 1 cm 
gradations was used.  Calibration curves relating sump depth to sump volume were 
constructed using the slope-intercept method for obtaining linear equations.  Water 
samples were also taken to allow for measurement of sediment composition and 
quantity.  The sump contents were stirred with a wooden stake all the way to the 
bottom, and samples were collected using 500 mL plastic bottles.  These were 
collected at the surface and 5-10 cm from the bottom of the sumps following 1 
minute of mixing and 2 minutes to allow sand to settle.  This was done to ensure that 
as much of the collected silt and clay as possible would be in suspension, and 
because the amount of this suspended material would vary depending on unknown 
factors such as disturbance and mixing of sump contents by runoff or rainfall splash.  
The particle size distribution of sediments in the water samples from sumps was 
determined using a hydrometer (Standards Australia, 1995), with overall sediment 
mass obtained by oven drying samples at 105
oC for 24 hours.  Hydrometer 
measurements were completed without dispersion or removal of organic material 
because of the relatively low concentrations of these materials and because the 
sampling method already separated out the sand-size particles. 
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Figure 3.2  Location of the two depth measurement points in each of the two half-
sumps located on three plots – two ‘Best Previous Practice’ plots and one ‘Best 
Practice’ plot.  
 
 
Sediment sampling occurred when the water in the sumps had completely 
evaporated over summer.  The sediments were then scooped out into plastic bags, 
weighed and assessed in the laboratory for particle size distribution (Standards 
Australia, 1995). 
 
On one of the ‘Best Practice’ plots, there was to be a sump-sized trough directing 
runoff and sediments to a tipping bucket to provide real time monitoring of runoff.  
A tipping bucket was considered better for measuring the lower flow rates expected 
and more practicable than a flume or weir.  However, setting this up proved time-
consuming and the method to be lacking in sensitivity.  Instead, a trough was added 
above the sump. 
 
Troughs were constructed and installed by 10 July 2001.  These comprised a double 
steel trough with a manifold directing water and sediments into a plastic stilling well 
and tipping bucket (Plates 3.2 and 3.3).  Runoff was measured with the tipping 
bucket, with sediments collected from the stilling well.  The troughs (Table 3.1)   30
were designed to capture runoff and sediment that would otherwise be trapped in the 
blue metal wedge above the sumps.  Even with the disturbance associated with the 
trough installation, it was considered better to over-estimate soil loss than under-
estimate it.  Also, the troughs allowed useful soil loss data to be obtained in case any 
sump leakage occurred. 
 
 
 
 
Plate 3.2  Trough for intercepting runoff and sediment, with a concrete lip leading 
into the trough, and an outlet spout to the right, leading to a plastic stilling well and 
a tipping bucket.  This trough was positioned above the right half of a sump. 
 
 
 
 
Plate 3.3  Stilling well and tipping bucket collecting runoff and sediment intercepted 
by a trough.   31
Rain gauges were set up from 25 July 2000 on BRDA2a, BRDA2b and BRDA4X to 
measure changes in rainfall with location and aspect on the site.  The rain gauge on 
BRDA4X was stolen between 17 August and 8 September.  A rain gauge to replace 
this, and another on BRDA2, was set up on 4 October 2000.  Anemometer readings 
from May to September 2000 and 2001 were also obtained from the weather station 
at Worsley Refinery, Collie.   
 
Rill assessment, sump depth measurements, sump water collection, tipping bucket 
counter recording and rain gauge readings were taken at least every 2-4 weeks, 
depending on rainfall received each month.  Soil depth / erosion frame 
measurements and stilling well sampling occurred around every four months.  
 
Analysis of Variance (ANOVA) was used for comparing rill numbers on each plot 
averaged over time to assess the significance of differences between treatments.   
This significance is reflected by lower p-values, indicated in the results shown 
below.   
 
 
3.3  Results 
 
3.3.1  Rainfall and wind direction 
 
The rainfall on BRDA4X, on the south-facing plots, was not significantly different 
(p = 0.816; r
2 = 0.988) over a 25 month period from that on BRDA2, the east-facing 
plots (Figure 3.3).  The difference observed around 17 August 2000 occurred 
because of the theft of the raingauge from BRDA4X.   32
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Figure 3.3  Comparison of rainfall at BRDA2 (easterly aspect) and BRDA4X 
(southerly aspect).  Values on BRDA2 are means of two raingauges.  
 
 
 
Wind direction data was obtained only for those months when average rainfall was 
the heaviest.  Wind direction was predominantly from the west, NW and SW 
between June and September in 2000 and 2001, with the exceptions of June 2000 
and July 2001 when there was a greater occurrence of easterly and NNE winds 
(Figure 3.4). 
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Figure 3.4  Wind direction data from anemometer at Worsley Refinery’s weather 
station. 
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3.3.2  Rill erosion 
 
The occurrence of rills varied according to treatment type, with ‘Best Practice’ 
showing fewer, shallower and narrower rills that ‘Best Previous Practice’ (p < 0.02) 
(Figures 3.5-3.13).  Adding turbo-mulch to Best Practice further reduced rill 
numbers, depth and width (p < 0.03).  This occurred irrespective of the presence of 
vegetation, shown on a turbo-mulched plot that was mistakenly not seeded (Plate 
3.4).  'BP steeper' and 'BP steeper, no topsoil' showed significantly lower rill 
numbers than all other treatments (p < 0.058).  Lowered seed rate, lowered fertiliser 
rate, removal of hydro-mulch and a south aspect resulted in increased rill 
occurrence, depth and width relative to ‘Best Practice’ (p < 0.05).  ‘BP south aspect’ 
had the greatest number of rills overall, and the greatest number of deep and wide 
(>10 cm) rills (Figures 3.12 and 3.13).   
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Plate 3.4  ‘BP seed then turbo’ plot that was mistakenly not seeded – June 2001. 
 
 
Rill activity also varied among different treatments over time.  Rills on ‘Best 
Previous Practice’ and ‘BP south aspect’ became wider over time, with decreasing 
numbers of rills < 10 cm wide and increasing numbers of rills > 15 cm wide.   
Generally, where rill activity was relatively high, it was also highly dynamic or 
fluctuating.  This was observable on plots of ‘BPP’, ‘BP lower seed’ (rills < 5 cm 
wide), ‘BP lower fertiliser’ (rills 5-10 cm deep), ‘BP no mulch’ (rills > 5 cm deep), 
‘BP steeper’ (rills < 5 cm wide) and ‘BP south aspect’.  Rill presence was stable 
over time on ‘Best Practice’, the turbo-mulched plots and ‘BP steeper, no topsoil’, 
and on all treatments for rills < 5 cm deep (except for ‘BP lower fertiliser’) and 10-
15 cm wide (except for ‘Best Previous Practice’ prior to July 2001, when numbers 
fluctuated). 
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Peak rill numbers for each rill width and depth category occurred during the wet 
season, between the months of May and September.  This corresponded to weeks 0-
15, 50-67 and 100-115 since trial commencement on 8 June 2000 (Figures 3.5-3.8: 
width; Figures 3.9-3.11: depth).  The narrowest (< 5 cm and 5-10 cm wide) and 
shallowest (< 5 cm deep) categories of rills generally decreased in number with 
time, and the widest (> 15 cm wide) category of rills increased slightly in number 
with time. 
 
 
   
 
Plate 3.5  Early rilling on unconsolidated, unvegetated topsoil, July 2000. 
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Figure 3.5  Number of rills <5 cm wide observed at each measurement time as 
an aggregate for all plots of each treatment. 
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Figure 3.6  Number of rills 5-10 cm wide observed at each measurement time as 
an aggregate for all plots of each treatment. 
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Figure 3.7  Number of rills 10-15 cm wide observed at each measurement time 
as an aggregate for all plots of each treatment. 
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Figure 3.8  Number of rills >15 cm wide observed at each measurement time as 
an aggregate for all plots of each treatment. 
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Figure 3.9  Number of rills <5 cm deep observed at each measurement time as an 
aggregate for all plots of each treatment. 
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Figure 3.10  Number of rills 5-10 cm deep observed at each measurement time 
as an aggregate for all plots of each treatment. 
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Figure 3.11  Number of rills >10 cm deep observed at each measurement time as 
an aggregate for all plots of each treatment. 
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Figure 3.12  The mean of aggregate rill numbers present in all plots, in each 
width category for each treatment, averaged over time, measured from 11 July 
2000 to 28 August 2002.  Vertical bars show standard error of aggregate rill 
measurements over 23 sampling times. 
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Figure 3.13  The mean of aggregate rill numbers present in all plots, in each 
depth category for each treatment, averaged over time, measured from 11 July 
2000 to 28 August 2002.  Vertical bars show standard error of aggregate rill 
measurements over 23 sampling times. 
 
 
In an attempt to further characterise rill behaviour, an arbitrary classification of 
plots was made into those showing moderate rilling from the top of the slopes 
(Figure 3.14) and those that showed more severe upper rilling (Figure 3.15).  
‘Moderate’ was defined as the occurrence of upper rills less than 3 in number or 
less than 5 cm deep, with upper rills considered ‘severe’ if numbers exceeded 
these values.  ‘Best Previous Practice’, ‘BP lower seed’ and ‘BP south aspect’ 
plots consistently show this upper rilling.  Considering all treatments, the 
number of plots with moderate erosion at the top of slopes peaked during the   43
wetter months of August and September, with the exception of 8 January 2001, 
when there was a sudden increase in such plots.  The occurrence of ‘severe’ 
upper rilling tended to decrease over time, again with the exception of 8 January 
2001, when there was a sudden increase in the number of upper rills. 
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Figure 3.14  Moderate rilling from the top of the slope, defined as the occurrence 
of rills starting from the top 1 m of slope that are <3 in number or <5 cm deep.  
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Figure 3.15  Severe rilling from the top of the slope, defined as the occurrence of 
rills starting from the top 1 m of slope that are >3 in number or >5 cm deep.  
 
 
 
The greatest occurrence of significant differences between blocks of the same 
treatments was between blocks G and H (Table 3.3).  These blocks represented 
replicates of ‘Best Practice’, ‘BP lower seed’, ‘BP lower fertiliser’, ‘BP no 
topsoil’ and ‘BP turbo then seed’.  The rill types that reflected the differences 
between blocks were rills < 5 cm deep, 5-10 cm deep and 10-15 cm wide.   
Variability between specific blocks tended to occur during specific periods, 
often on adjacent field measurement dates.  The greatest variability between 
blocks occurred in the periods from 25/7/00 to 21/9/00, and from 8/12/00 to   45
22/3/01.  The only blocks that never differed significantly were B and D.  These 
represented replicates of ‘Best Previous Practice’, ‘Best Practice’, ‘BP no 
mulch’ and ‘BP seed then turbo’.  Considering the average number of rills over 
the whole study period in each plot, there was no significant difference between 
blocks in the number of rills of any size (p > 0.11). 
 
 
Table 3.3  Blocks, representing replicates, between which significant differences 
occurred in rill numbers. 
 
BLOCKS   RILL TYPE SHOWING 
DIFFERENCE  
SIGNIFICANCE  
(p-value) 
DATES WHEN 
BLOCKS DIFFERED 
A and B  5-10 cm deep   < 0.07  17/8/00, 8/9/00 
A and B  5-10 cm deep  < 0.07  16/5/01 
A and C  10-15 cm wide   < 0.05  21/9/00 
A and C  5-10 cm deep  < 0.07  17/8/00,  4/10/00, 
16/5/01 
A and D  5-10 cm wide   < 0.066  8/12/00, 8/1/01 
A and D  5-10 cm deep  < 0.05  8/1/01, 22/3/01 
B and C  10-15 cm wide  < 0.05  21/9/00 
B and C  10-15 cm wide  < 0.024  8/1/01 
B and C  5-10 cm deep  < 0.07  4/10/00 
C and D  5-10 cm wide  < 0.066  11/7/00 
17/8/00 
C and D  5-10 cm deep  < 0.05  8/1/01, 22/3/01 
E and F   < 5 cm deep   < 0.06  17/8/00 
E and F  < 5 cm deep  < 0.041  8/12/00 
E and F  < 5 cm deep  < 0.066  22/3/01 
E and G  10-15 cm wide  < 0.06  25/7/00 
E and G  < 5 cm deep  < 0.066  22/3/01 
E and H  < 5 cm deep  < 0.066  17/8/00, 22/3/01 
F and G  < 5 cm deep  < 0.041  8/12/00 
F and H  < 5 cm wide  < 0.065  21/9/00 
F and H  < 5 cm deep  < 0.041  8/12/00 
G and H  < 5 cm wide  < 0.065  21/9/00 
G and H  10-15 cm wide  < 0.026  25/7/00 
G and H  10-15 cm wide  < 0.04  8/9/00 
G and H  10-15 cm wide  < 0.066  8/1/01 
G and H  5-10 cm deep  < 0.07  25/7/00, 17/8/00 
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3.3.3  Soil movement and soil loss 
 
An estimate of the mass of material transported in each plot was calculated from 
rill volume changes, assuming that any change in rill volume reflects either soil 
loss from the rill or interill soil loss deposited in the rill.  The upper limit of 
assessed width and depth categories and the full plot lengths were used to 
calculate volume changes, and a compacted soil bulk density of 1.8 t/m
3 was 
used to convert volume changes to the mass of soil that would have to have been 
transported to change the rill volume.  It is important to note that this does not 
show soil loss from the slope, rather it is an indication of soil detachment or 
movement of soil that for the most part was not lost from the slope.  This 
showed that there were differences in initial values of soil movement as 
calculated from changes in rill volume, and that the subsequent rates of soil 
movement also varied according to the treatment.  ‘BP no topsoil’ and ‘BP south 
aspect’ showed the greatest initial rates of soil movement (Figure 3.16), while 
regression analysis of the data from 30 weeks onwards, when cumulative soil 
movement became relatively constant, showed that ‘BP no mulch’ and ‘BP south 
aspect’ experienced the greatest long-term rates of soil movement (Table 3.4). 
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Figure 3.16.  Cumulative change in rill volume, calculated from the total number 
of rills summed for all plots of each treatment, multiplied by the respective rill 
width and depth and a plot length of 13 m.  Rill volume has been converted to 
mass of soil movement that would account for the volume changes – it does 
NOT show soil loss from the slope. 
 
 
Table 3.4  Linear regression analysis of data in Figure 3.16 from 30 days 
onwards, indicating long term soil movement rates for each treatment. 
 
TREATMENT GRADIENT  OF 
SOIL MOVEMENT 
(t/ha/week) 
ANNUAL SOIL 
MOVEMENT 
(t/ha/yr) 
r
2 
Best Previous 
Practice 
51.1 2657  0.9031 
Best Practice  19.3  1003  0.782 
BP lower seed   30.1  1566  0.8035 
BP lower fertiliser  44.6  2322  0.7658 
BP no mulch  65.4  3399  0.8825 
BP no topsoil  28.9  1502  0.3909 
BP turbo then seed  0.630  32.8  0.4586 
BP seed then turbo  0.381  19.9  0.1689 
BP steeper  11.5  596  0.8211 
BP steeper, no 
topsoil 
1.18 61.2  0.9141   48
BP south aspect  106  5503  0.9667 
 
For most of the plots, there was a mean increase in the depth of soil at the base 
of the plots (Figure 3.17).  However, it was considered that changes in measured 
soil depths greater than 3 cm (representing a loss or gain of 480 t/ha) were 
outliers, based on discrepancies with other soil loss estimates (below) and 
predictions (Chapter 5) that were less than 100 t/ha/yr.  Also, the greatest 
number of point depth changes greater than 3 cm occurred where there was no 
topsoil – where the rough rock-pitch surface was exposed (Table 3.5).  The 
greater surface roughness of rock-pitched surfaces, as indicated by the high 
standard error of measurements (Figure 3.17), would produce great differences 
in measured depths if a measurement point was inaccurately located, or if a 
single rock was shifted.  This justified the exclusion of ‘outliers’.  After 
removing these, the mean changes in soil depth were less positive, with more 
plot treatments showing soil loss.   
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Figure 3.17  Mean change in soil depth for all 10 points of two reference frames 
in all plots of each treatment, between October 2000 and August 2001.  Vertical 
bars show standard errors.  Outliers were removed because the soil loss 
represented by these data was considerably greater than other soil loss estimates 
(below and Chapter 5). 
 
 
 
Table 3.5  Proportion of values showing > 3 cm change in depth out of total 
number of measurements taken between October 2000 and August 2001.   
 
TREATMENT POINTS  WITH 
DEPTH CHANGE 
> 3 CM 
TOTAL NUMBER OF 
POINT MEASUREMENTS 
TAKEN 
Best Previous Practice  2  60 
Best Practice  11  120 
BP lower seed rate  13  60 
BP lower fertilizer  10  60 
BP no mulch  4  60 
BP no topsoil  26  60 
BP turbo then seed  14  60 
BP seed then turbo  14  60   50
BP south aspect  4  40 
 
Calibration curves for the sumps showed that they all responded well to rainfall, 
though there were variations in response for different sumps on the same 
treatment (Figure 3.18). 
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Figure 3.18  Relationship between water levels in field sumps and rainfall for 
two to three week sampling periods in the field.  Symbols refer to different 
sumps. 
 
 
‘Best Practice’ consistently showed lower soil loss than ‘Best Previous Practice 
based on sediment collected in sumps.  A seasonal pattern of tapering soil loss 
over summer and autumn followed by increased rate of soil loss in winter was 
observed (Figure 3.19).   
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Figure 3.19.  Cumulative soil loss collected in the two half sumps on each plot 
containing sumps.    
 
 
Trough collection of runoff and sediments showed that ‘BP turbo then seed’ 
produced the least soil loss, followed by ‘Best Practice’ then ‘Best Previous 
Practice’.  One ‘Best Practice’ plot showed similar soil loss to ‘BP turbo then 
seed’.  Like the sump data, trough data also showed reduced soil loss in summer 
followed by an increase in erosion rate in winter.  Soil loss rates were around 
three times as great as measured in the sumps (Figure 3.20).  
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Figure 3.20  Cumulative soil loss collected from each plot with troughs.  Soil 
loss was calculated from runoff volumes as indicated by tipping bucket, using 
sediment concentrations of tipping bucket water samples and sediment trapped 
in the stilling well. 
 
 
3.4  Discussion 
 
3.4.1  Rill formation 
 
Generally, greater erosion would be expected on steeper slopes because they 
allow gravity to produce increased velocity and higher energy runoff (FitzHugh 
and Mackay, 2001).  That the opposite occurred suggests other factors are of 
greater significance.   
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EXPERIMENTAL FACTORS 
The steeper BRDA2b plots had a shorter effective slope length that may have 
been below the threshold for the development of rills.  The shorter effective 
length (9 m compared with 13-15 m for the other plots) occurred because it was 
not possible for the safe use of earthmoving equipment to apply treatments for a 
length of greater than 9 metres down this slope.   
 
On the ‘Best Previous Practice’ plot of Block D, more hydro-mulch, and hence 
cereal rye, was spread to ensure that all the native seed mixed in with the hydro-
mulch was applied.  The denser cereal rye reduced visibility of the soil surface, 
which may have resulted in an underestimation of rill occurrence for the ‘Best 
Previous Practice’ treatment prior to December 2000, before the rye plants 
started dying off. 
 
Rilling occurring from the top of plots and the high occurrence of rilling on the 
least steep, south-facing plots may have resulted from run-on from the berm 
above.  Bunds constructed at the top of slopes were effective at preventing run-
on reaching the slopes, and upper rill numbers did decrease with time.  The bund 
above the south-facing plots was installed a few weeks after those above the 
other plots, and the extra run-on received during this period may explain the 
exceptional downslope rilling occurring on this treatment that also had the 
lowest gradient. 
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ENVIRONMENTAL FACTORS 
South facing plots may have been more erosion prone because of the different 
rainfall impact angle for these slopes compared to east-facing slopes.  Although 
rainfall did not vary significantly between the east- and south-facing plots, the 
direction and force with which the wind blows the rain onto the soil surface may 
be significantly greater on the south aspect, making the rain more erosive.  The 
east-facing plots would not be directly impacted by rain driven by a 
predominantly westerly, NW or SW wind (Figure 3.4), whereas south-facing 
plots would be affected.  This would make the soil more vulnerable to the flow 
processes that generate rills, overcoming the effect of decreased slope gradient. 
 
Replicate variability tended to become greater during summer and winter.  This 
suggests that as a given soil becomes either very dry or saturated, it becomes 
more heterogenous in terms of susceptibility to soil erosion.  This may be related 
to soil chemistry, aggregate stability or vegetation cover variability.  Vegetation 
cover variability, with its effect on soil surface raindrop impact, is implicated in 
this periodic soil heterogeneity by the observation that erosion variability related 
most to the shallower, wider rills, or the surface 10 cm of soil.  The high 
occurrence of differences observed between replicates for rills 5-10 cm deep 
may have been simply because most rills were of that depth, so any differences 
were accentuated.   
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PROPERTIES OF MATERIALS 
When rills erode to a layer less susceptible to erosion, such as rock, the rills 
become wider as the more erodible surface layer erodes preferentially, and 
erosion rate decreases (Charman and Murphy (eds.), 2000).  Rock-pitch was 
resistant to rilling, and where rills did occur, they were wide and shallow, and 
decreased in occurrence over time.  The wider rills may be indicative of less 
erodible material occurring below the surface, limiting rill depth but favouring 
rill widening amidst the finer, more erodible material at the surface.  Wider rills 
may occur if finer material erodes and leaves indentations among larger rocks, or 
more clearly defines pre-existing channels and gaps formed in the larger rock-
pitch fraction.  Inherent properties of the rock-pitch, such as high internal 
friction, soil tensile strength, or higher water storage may overcome slope effect 
on the most steep BRDA2b slope.  This requires further research. 
 
The rock-pitch also appeared to hold soil materials placed above it, as shown by 
comparing the erosion rates from Best Previous Practice – topsoil on clay, no 
rock-pitch – and Best Practice – topsoil on rock-pitch.  The channels formed by 
the large rocks provide tortuous paths for water flow, possibly impeding this 
flow to keep runoff velocities lower and therefore less erosive.   
 
The turbo-mulched plot in Block H, that lacked vegetation, showed no rilling.  
This suggests that the turbo-mulch is adequate for rill erosion prevention without 
the soil stabilisation and protection afforded by vegetation.  Mulch physically 
holds the soil and protects it against raindrop impact.  Turbo-mulch may provide 
a similar tortuosity for water flow as rock-pitch.  Turbo-mulch forms a boundary   56
layer of reduced average runoff speed closer to the mulch surface (Sterk, 2000).  
Studies of wind erosion have found, however, that the added surface roughness 
of mulch may increase surface turbulence and range of wind speeds, and suggest 
a cover of at least 10 % for this effect to become insignificant (Sterk, 2000).  
This could apply for water erosion, though it would require further study.   
 
Generally, the soil separate most resistant to erosion is clay, then sand, then silt; 
and topsoil as compared with subsoil of the same texture (Toy et al., 1999).  
Resistant soils generally have greater structure and/or pore space and infiltration 
rate.  Turbo-mulch also comprises large absorbent particles and large pore 
spaces, which may allow greater permeability and water storage, reducing 
erosive runoff production.  The significance of turbo-mulch in increasing 
infiltration, however, requires confirmation from the laboratory tilting flume 
data detailed in Chapter 5.  Mulches and residues can also increase 
macroaggregate formation or soil structure up to a depth of 30 cm (Stephenson 
and Schuster, 1945), improving soil resistance to erosion and decreasing erosive 
runoff generation by maintaining soil porosity.  Mulch and residues encourage 
increased fungal activity (Gebhardt et al., 1985), particularly low quality or high 
C:N ratio residues (Bossuyt et al., 2001).  Bossuyt et al. (2001) found that soil 
macroaggregate formation was promoted by the presence of low quality residues 
and, in a separate experiment, by fungi.  Macroaggregate formation is also 
strongly positively correlated to increased organic carbon, total soil nitrogen and 
microbial biomass carbon and nitrogen (Kushwaha et al., 2001).  Therefore, 
using low quality mulch and increasing total soil carbon and nitrogen, perhaps 
with the use of compost, can be beneficial for soil stability.   
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Turbo-mulch was more efficient than hydro-mulch in all the above points 
relating to erosion reduction, as it was placed as a thicker layer than the hydro-
mulch.  The ability of hydro-mulch to hold the soil and reduce contact between 
runoff shear stresses and soil allowed it to protect the soil from the relatively 
deep rilling observed on ‘BP no mulch’. 
 
Rock-pitch and turbo-mulch may cause erosion of the finer rock-pitch material 
or the soil underneath the mulch that is not readily observable because of coarser 
rocks or mulch remaining to maintain the slope shape.  This possibility is 
explored further in the tilting flume data (Chapter 5). 
 
Topsoil use needs to be considered carefully.  It is a potentially valuable 
resource for revegetation (Ferris, 1996b), but putting topsoil on the slopes may 
be wasteful and unnecessary if most of it erodes.  At another mine site, placing 
topsoil over rock-pitch had the effect of increased runoff and formation of 
gullies (Worsley, 1999, unpublished report to Worsley).  However, the present 
study found that ‘Best Practice’, using rock-pitch, had fewer, more stable rills 
than ‘Best Previous Practice’, which lacked rock-pitch.  Erosion performance 
where topsoil was present was better on shorter slopes, and also when the soil 
surface was ripped or scarified (Worsley, 1999, unpublished report to Worsley).  
Also, topsoil can be well protected using turbo-mulch.   
 
Reducing seed and fertiliser rates allowed greater rilling.  The reduced 
availability of potential native plants from ‘BP lower seed rate’ may account for 
the increase in rill occurrence observed with time, because of reduced vegetation 
foliage or root growth protecting or holding the soil, relative to the other   58
treatments.  The significance of vegetation growth differences as described in 
Chapter 4 may underestimate the significance of differences in terms of soil 
erosion protection.  The lower fertiliser rate may simply have delayed plant 
establishment and soil stabilisation, as rills on ‘BP’ lower fertiliser rate’ became 
shallower with time.  Whether or not the seed and fertiliser may have had a 
chemical effect that promoted soil aggregation requires further testing.   
Kushwaha  et al. (2001) suggests that higher total soil nitrogen can increase 
macroaggregation, whereas Bossuyt et al. (2001) has shown nitrogen fertilisers 
to inhibit aggregate formation and fungal activity associated with aggregate 
formation.  Perhaps macroaggregation depends on the form in which nutrients 
such as nitrogen are present. 
 
 
3.4.2  Runoff and sediment transport 
 
The calculations of rill soil movement based on changes in rill volume relate to 
material detached rather than material lost from the slope.  They provide an 
indication of the erodibility of the different surface treatments.  The sump and 
trough data are more useful as measures of annual soil loss.  The different 
interpretations of the measuring methods can clearly be seen by the rill soil 
movement estimates that ranged from 48 to 7 845 t/ha/yr, compared with the 
sump and trough soil loss measurements that ranged from 0.4 to 6.7 t/ha/yr. 
 
These measures all indicate that ‘Best Practice’ eroded at a slower rate that ‘Best 
Previous Practice’.  The results for the turbo-mulched treatments were more 
variable, showing the lowest rill formation and soil detachment among all   59
treatments except ‘BP steeper, no topsoil’ while producing soil loss from the 
slope similar to one plot of ‘Best Practice’.  This may be reflective of similar 
vegetation cover that occurred between areas on both ‘Best Practice’ and the 
turbo-mulched treatments, and the associated erosion protection vegetation 
affords.  The effect of vegetation on erosion is further explored in Chapter 4 and 
Chapter 5.  
 
The rill assessment shows that relatively little erosion occurred on ‘BP steeper, 
no topsoil’.  This calls into question the usefulness of topsoil as a means of 
erosion reduction.  As no sumps or troughs were placed on this treatment, the 
laboratory tilting flume data described in Chapter 5 is required to allow a fuller 
assessment. 
 
Runoff and soil loss measured by the tipping buckets reflected the change in 
water storage capacity of the different treatment materials, decreasing with the 
addition of rock-pitch and again with the addition of turbo-mulch.  Decreased 
water storage and increased runoff would account for the increased soil loss 
collected in the sumps from ‘Best Previous Practice’ plots, compared with ‘Best 
Practice’ plots.   
 
Some equipment factors may be considered to have affected absolute 
measurement of soil loss, though relative differences between treatments would 
still apply.  The keyed-in sheet metal on one half-sump on the ‘Best Previous 
Practice’ plot of Block A and one half-sump on the ‘Best Practice’ plot of Block 
B were observed in August 2000 to be directing water away from the respective 
half-sump.  Bending the sheet downwards rectified this problem.  The variability   60
in sump results between half sumps on the same plot or treatment (Figure 3.18) 
may have occurred because of losses of collected runoff through gaps in the 
sump welds, and also as a result of the troughs intercepting runoff and sediment.  
However, a sump may have collected the same amount of runoff and sediment 
with or without a trough if the concrete and blue metal wedge were not 
inhibiting flow into the sumps.  That sump collection did vary suggests that the 
use of troughs to intercept material flow inhibited by the wedge was justified. 
 
 
3.4.3  Erosion processes – rill pattern variability 
 
Rill occurrence is dynamic.  Unconsolidated soil, absence of vegetation cover 
and the peak rainfall of winter contributed to the high occurrence of rills initially 
in the field trial.  The lower number of rills observed later may represent 
consolidation, vegetation growth stabilising and protecting the soil, and smaller 
rills joining, filling in and reforming to produce wider, deeper and fewer rills.  
The increase in shallower, wider rills observed on 8 December 2000 suggests 
that either the sides of the rills were collapsing, or old rills were filling in to be 
replaced by new rills.  The results showed that high levels of erosion, or soil 
movement, meant that the position and characteristics of rills also changed 
rapidly as the soil moved.  This was observed even on ‘BP steeper’, that had 
relatively few rills overall but relatively high and fluctuating numbers of rills < 5 
cm wide.  It suggests that either soil loss was not concentrated in rills, or that the 
position of concentrated soil loss in rills could be changed with sufficient interill 
erosion.   
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Rills would be expected to become deeper and wider over time, provided erosive 
conditions are not balanced or cycled over time with depositional conditions.  
Considering all treatments, the rills did become wider, though generally not 
deeper, suggesting that a limiting factor to rill depth existed on many plots.  The 
underlying rock-pitch, described above as being resistant to erosion, may be a 
significant factor.  It was not an exclusive factor limiting rill depth given that 
‘Best Previous Practice’, the treatment without rock-pitch, showed a similar 
erosion pattern.  Another factor constraining rill depth may be interill erosion 
depositing material into rills.  Soils also settle or consolidate over time, and they 
age as a result of soluble soil components cementing soil particles (Sirjacobs et 
al., 2001).  This would explain the decrease or stabilisation of rill occurrence for 
some treatments in this study. 
 
The deposition that occurred for most of the plots prior to August 2001 may be a 
result of disturbance of surface soil by movement of kangaroos and the author on 
the slopes.  Kangaroos were grazing on BRDA4X following cereal rye 
establishment, then on the BRDA2 plots from March 2001, when the cereal rye 
had died off.  This disturbed the soil and turbo-mulch considerably prior to 
fencing of the plots.  Also, the large soil depth changes observed may be a result 
of a few, large rock-pitch particles being shifted by people or other animals. 
 
The outliers described in the erosion pin data were probably too common, and 
may have been a result of slight inaccuracy in the position of measurements, 
which would cause a more significant error on an uneven surface like rock-pitch 
or turbo-mulch.  These were the treatments on which the greatest number of   62
outliers was measured.  The high number of outliers on the treatments with 
lower seed and fertiliser rates is hard to explain. 
 
The deposition measured as an increase in soil depth at the lower end of plots 
may, however, be a result of erosion occurring higher up the slopes than initially 
expected.  Removing outliers reduced the significance of deposition, but it was 
still observable.  When the lower erosion pins were installed, it was assumed that 
maximum erosion would occur closer to the base, where any runoff would have 
the greater velocity and erosivity.  Instead, erosion occurred higher and the 
slopes were of sufficient length for deposition to occur at the lower erosion pins 
prior to erosion also occurring there.  Material is generally detached from a slope 
at a greater rate than soil loss from a slope, because the detached material is in a 
constant cycle of detachment, erosion, deposition and detachment before it 
reaches the bottom of the slope (Evans, 2000).  This occurs at faster rates for 
different treatments and soil types.  Erosion can be measured at the base of one 
soil/treatment because previously deposited soil and lower slope soil has eroded 
quickly.  Measurements on soils/treatments with slower erosion may show only 
the deposited soil eroded from above.  Also, as sediment load in runoff 
increases, soil detachment in rills is reduced and deposition increases (Merten et 
al., 2001; Sirjacobs et al., 2000).  This occurs because increased sediment load 
reduces runoff turbulence necessary for detachment (Graf, 1984; Merten et al., 
2001), and also reduces the capacity to transport sediments by decreasing flow 
depth and excess flow power – the power not involved in moving the existing 
sediment load (Abrahams et al., 1998).  This would occur lower on the slope as 
runoff accumulates sediments from upslope.  In terms of plot stability and   63
drainage management, erosion upslope with deposition downslope is acceptable 
because it means no soil is lost off-site. 
 
Upslope erosion is attributed to run-on from the batter roadways prior to bund 
installation at the top of plots, an occurrence observed during previous internal 
reviews.  Lack of rock-pitch to hold the soil in place on ‘Best Previous Practice’ 
and the later installation of bunds at the top of ‘Best Practice south aspect’ plots 
may account for the upper rilling observed particularly on these treatment plots.  
Erosion at the top of slopes might be expected to increase with time as head-
cutting would occur as soil is lost from rills downslope (Roberts, 1992).  Instead, 
upslope rills tended to decrease with time.  This may have occurred, following 
installation of bunds to stop run-on, because upslope rills are less likely to be 
maintained than rilling downslope, where runoff velocity is greater and more 
erosive.  The sudden increase in upslope rills around 8 January 2001 was not a 
result of sudden high intensity rainfall, with less than 5 mm falling during the 
month preceding and the month following that date.  There is also nothing to 
account for the high upslope rilling on ‘BP lower seed’. 
 
The estimates of material transported on the slope calculated from changes in rill 
volume could not show soil loss from the slope, given that these estimates were 
up to three orders of magnitude higher than soil loss measured using the sumps 
and troughs.  These estimates do, however indicate the aggregate effects of: 
1) soil eroded from within the rill, 
2) interill soil loss deposited in the rill, and 
3) interill soil loss that changes the soil level adjacent to a rill, altering the rill’s 
depth relative to that level.     64
Some of these may cancel out each other, resulting in an underestimation of soil 
movement/detachment.  Also, rill volume would not consider interill soil loss 
transported in the rill or not associated with the rill at all.  The assumption that 
rills extended for the full length of the plots would partly compensate for but not 
accurately reflect this interill soil loss.  Interill erosion that interacts with rills 
would have been quite significant on the batter slopes given that the variability 
in rill data was greatest where the most erosion was observed.  This highlights 
the importance of interill erosion in affecting soil movement across the slope, 
particularly in a way that intercepts and changes the pattern of rills.  For this 
reason, the estimate of soil detachment using changes in rill volume cannot be 
disregarded.  The difference between apparent soil movement/detachment and 
soil loss off the slope is addressed further in relation to soil loss modelling in 
Chapter 5.   
 
The results generally show that ‘Best Practice’ is less susceptible to erosion than 
‘Best Previous Practice’, and that turbo-mulch used in place of hydro-mulch 
provides the best protection from erosion.  Questions remain about whether or 
not the nature of rock-pitch or turbo-mulch masks erosion, which of these 
generates the least soil erosion, and the interrelationships between soil erosion 
and vegetation establishment for each treatment.  These issues are addressed in 
Chapters 4 and 5. 
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Chapter 4  Effects of Surface Treatments on Vegetation 
Establishment on Batter Slopes 
 
4.1  Introduction 
 
The establishment of vegetation in rehabilitation requires a consideration of the 
aim of the rehabilitation, which plant species can achieve the rehabilitation aims, 
the requirements for establishing those species and the long term sustainability 
of the established vegetation.   
 
For the purposes of erosion protection, vegetation has been shown to reduce soil 
loss by physically holding soil particles, reducing runoff, and reducing the 
kinetic energy of raindrop impact on the soil surface (Cruse et al., 2001; 
Roberts, 1992; Steiner et al., 2000; Stocking, 1994; Unger, 1996).  The 
proportion of rainfall kinetic energy intercepted can be considered equal to the 
percentage cover of vegetation (Stocking, 1994).  It is important to know how 
percentage cover changes through the growing season and to consider the 
species composition and form of the vegetation (Steiner et al., 2000), as these 
affect the amount of rainfall intercepted and hence the amount of erosive force 
applied to the soil surface.    
 
There are several methods of establishing different native species, including 
cutting, tissue culture and direct seeding.  For example, Hibbertia amplexicaulis 
has been found to be most effectively grown from cuttings (Ward, 2000).   
Generally, plant species that are recalcitrant have a greater chance of   66
establishing if they are grown from culture or in a glasshouse, and transplanted 
rather than directly seeded (Ward, 2000).  Also, several factors produce 
variability in the viability of native seed, an important factor in plant 
establishment.  These include environmental conditions during seed formation, 
genetic variability, and processing and storage (Roberts (ed.), 1972).  This was 
shown by comparing the germinability results of this study with those from 
Alcoa’s Marrinup Nursery. 
 
This part of the study involved considering how to improve the establishment of 
native vegetation and to test the suitability of a heath form of vegetation on the 
batter slopes.  The integration of vegetation in surface treatments that have the 
aim of reducing erosion required an assessment of the native species 
composition of emerging plants, and of the cover provided by native plants over 
time.  This would allow recommendations relating to which treatments promoted 
vegetation growth and any modifications to the seed mix required that would 
promote diversity and sustainability.  
 
 
4.2  Field Plot Assessment 
 
Plots were hand seeded with native species and hand fertilised according to the 
treatment set-up described in Chapter 2.  A pioneer species, winter cereal rye, 
was included as seed in the hydro-mulch treatment spread on all plots except 
Treatment 5 – ‘BP no mulch’. 
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The vegetation success of each treatment was determined from regular 
assessment of seedling emergence and survival in permanent quadrats.  Six 1x1 
m quadrats were placed in each plot, three in a line running down the slope 1.5 
m inside either side of each plot.  For BRDA4X and block A of BRDA2a, the 
centres of the quadrats were placed 2, 5 and 8 m from the top of the slope.  
BRDA2b quadrats were only located at 2 and 5 m from the top of the slope, 
being shorter plots.  As a result of a measuring error, quadrats were located 3, 6 
and 9 m from the top of the slope for all other BRDA2a plots.  These points were 
marked using metal stakes. 
 
On 24-27
th October 2000, the cereal rye and weeds were harvested from all 
quadrats.  This was done at the peak of cereal rye biomass and cover, prior to it 
drying off.  These were dried at 70
oC for 24 hours (Jones, 1996) and weighed for 
biomass.  The numbers of native plants were also assessed. 
 
On 4-20
th July 2001 and 17-18
th April 2002, the native species present in each 
permanent quadrat on each plot were identified and counted.  The percentage 
cover of native plants and the number of weeds present in the quadrats were also 
assessed.  Plant identification was aided by botanist Cathy Godden (Woodman 
Consulting) and the use of published flora keys (Blackall and Grieve, 1974; 
Erickson et al., 1973). 
 
Vegetation assessments suggested by Jones (1996) include those done in this 
study, plus the absolute percentage cover of weeds and of each individual 
species, litter, rock cover and bare ground, and herbaceous production (Jones, 
1996).  Given the relatively small size of plots, assessment of herbaceous   68
production or biomass would have destroyed too much of the plot.  As the 
percentage cover of weeds was generally negligible, 100 % minus the native 
percentage cover can be considered the bare ground percentage cover.   
 
The October 2000 data for Figure 4.3 is incomplete, as it was obtained from a 
preliminary vegetation assessment on 4th October using only 3 of the 6 quadrats 
from 8 of the 11 treatments.  
 
Analysis of Variance (ANOVA) was used for the July 2001 and April 2002 
datasets to assess the significance of differences in plant growth between the 
different treatments.  Total or mean values of each plot were used for the 
analysis rather than quadrat values that may not be independent of each other.  
This significance is reflected by lower p-values, indicated in the results shown 
below.   
 
4.2  Seed Germinability 
 
Seed germinability testing for all native seed and the cereal rye began on 29 June 
2000.  This involved placing 75 seeds of each species used in the trials on 
moistened filter paper in petri dishes.  This or a similar method is a standard 
viability, or germinability, test (Polomski, 2000; Roberts, 1972).  The seeds were 
not pre-treated in any way, and were tested at room temperature.  De-ionised 
water was added every 2-3 days, and observations of seed germination recorded 
over a period of up to 100 days.  Fungus infected some seed, though this was 
controlled by periodically changing the paper on which the seeds were 
germinating.    69
 
 
4.3  Topsoil Seed Bank 
 
Topsoil was tested in a constant 25
oC temperature room to assess the natural 
seed bank.  This testing began on 4 July 2001 and finished on 31 October.  It 
involved spreading <5 mm topsoil over potting mix in eighteen 28x34 cm trays, 
applying 7.62 g of copper/molybdenum/zinc superphosphate fertiliser equal to 
the field rate of 800 kg/ha.  The plants were then counted at emergence.   
Identification involved separating out representative seedlings to grow to an 
identifiable stage in a pot containing the same potting mix at 25
oC constant 
temperature.   
 
Topsoil samples were collected in the field at Worsley Refinery, air dried and 
stored in hessian bags at room temperature.  Three topsoil samples were tested, 
each sample consisting of around 200 kg of material: 
1)  24 month old topsoil.  This was sampled in June 2000 from the 
stockpiled material used on the experimental plots, which was then 6-12 
months old.   
2)  6-12 month old topsoil.  This was a proxy for the topsoil when applied to 
the plots, but may be more useful for showing changes in the seed bank 
over time.  This was sampled in June 2001 from a Worsley Refinery 
stockpile.  These stockpiles consisted of material removed to a depth of 
10 cm by earthmoving equipment.    70
3)  Fresh forest topsoil.  This was sampled in June 2001 from land cleared 
one week prior to topsoil collection.  Samples were shovelled from 
several random points to a depth of 10 cm. 
 
 
4.4  Results 
 
4.4.1  Soil conditions 
 
Generally, the pre-treatment conditions of the rock-pitch were strongly alkaline, 
and showed a decrease in pH (Table 4.1) and increase in water content (Table 
4.2) with depth.  The underlying clay layer was weakly acidic.  Lower surface 
pH was observed following surface treatment application in July 2000, with pH 
increasing with depth.  Surface and sub-surface pH following treatment 
application increased between July 2000 and October 2001.  The treatments with 
no topsoil (rock-pitch samples) had the highest pH, as did the steeper plots in 
October 2001.  Plots without hydro-mulch, with turbo-mulch and south-facing 
plots had the lowest pH.  Electrical conductivity decreased with depth (Table 
4.3). 
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Table 4.1  Mean pH (1:5 water extracts) of composite samples from 
representative plots in each block, prior to treatment application – May 2000 – 
and following treatment application – July 2000 and October 2001.  Two to four 
replicates for each composite sample were tested, depending on measurement 
variability. 
 
  May 2000  July 2000  October 2001 
TREAT
MENT 
0-2 
cm  
5-10 
cm  
0-2 cm 
CLAY  
5-10 cm 
CLAY  
0-2 
cm 
10-15 
cm 
0-2 
cm  
10-15 cm  
Best 
Previous 
Practice 
9.85 8.17 5.66  5.48  6.34 6.09  8.19 8.18 
Best 
Practice 
(BP) 
8.7 7.73  *  *  6.64  7.02 8.22  7.84 
BP lower 
seed rate 
9.6 8.78  *  *  6.65  6.8  7.79  7.64 
BP lower 
fertiliser 
rate 
9.84 8.76 *  *  6.74 6.9  7.99 8.3 
BP no 
mulch 
* * *  *  6.34  6.6  7.14  7.62 
BP no 
topsoil 
* * *  *  7.36  7.5  7.7  7.47 
BP turbo 
then seed 
9.5 8.38  *  *  *  6.8  7.36  8.15 
BP seed 
then 
turbo 
9.28 8.61 *  *  *  6.68  7.18 7.32 
BP 
steeper 
8.86 8.22 *  *  6.33 6.49  8.82 8.27 
BP 
steeper, 
no 
topsoil 
* * *  *  7.56  7.55  8.72  9.22 
BP south 
aspect 
8.85 6.93 *  *  6.14 6.99  7.16 7.66 
* not determined. 
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Table 4.2  Mean gravimetric water content of composite samples from 
representative plots in each block, prior to treatment application – May 2000. 
 
TREATMENT  0-2 cm (%)  5-10 cm (%)  0-2 cm CLAY 
(%) 
5-10 cm 
CLAY (%) 
Best Previous 
Practice 
* 4.05  13.2  11.2 
Best Practice (BP)  0.17  1.98     
BP lower seed rate  1.78  4.49     
BP lower fertiliser 
rate 
0.04 3.88     
BP no mulch  *  *     
BP no topsoil  *  *     
BP turbo then seed  14.2  4.8     
BP seed then turbo  1.67  2.86     
BP steeper  4.11  6.6     
BP steeper, no 
topsoil 
* *     
BP south aspect  1.32  1.92     
* not determined. 
 
 
Table 4.3  Mean electrical conductivity in 1:5 water extracts (µS/cm) for surface 
and 10-15 cm depth soil following treatment application – July 2000. 
 
TREATMENT 0-2  cm  10-15  cm 
Best Previous 
Practice 11.8  13.6 
Best Practice (BP)  21.3  17.2 
BP lower seed rate  33.1  19.5 
BP lower fertiliser 
rate 15.5  10.3 
BP no mulch  12.1  13.3 
BP no topsoil  28.8  19.6 
BP turbo then seed  *  28.8 
BP seed then turbo  *   11.0 
BP steeper  20.3  7.02 
BP steeper, no 
topsoil 36.6  19.0 
BP south aspect  12.7  9.57 
* not determined. 
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4.4.2  Seed germinability 
 
Hakea and Kennedia species were the most germinable under the laboratory test 
conditions.  31 of the 71 native species tested did not germinate at all (Table 
4.4). 
 
Results summarised by Alcoa’s Marrinup Nursery over 15 years are included 
below (Table 4.4) for comparison with the results of this study.  Marrinup 
Nursery tested germinability by placing seeds in jarrah forest topsoil in a 
greenhouse at around 20
oC.  They observed germinability over 40 days using 3 
replicates of 50 seeds each (Koch and Taylor, 2000).  Asterisked values in Table 
4.4 next to the Marrinup Nursery figures denote species for which seeds were 
pre-treated prior to germination by boiling for 30-60 seconds, varying according 
to species and hardness of seed coat.  Boiling generally seemed to improve 
germinability of Acacia,  Bossiaea – except for Bossiaea linophylla – 
Gompholobium,  Trymalium,  Mirbelia and Sphaerolobium species, decreasing 
germinability of Kennedia, Hardenbergia and Jacksonia species.  
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Table 4.4.     Germinability of seed used on trial plots after 100 days (value is a  
mean if a bracketed standard deviation is shown), and germinability results 
obtained from Alcoa’s Marrinup Nursery (Koch and Taylor, 2000). 
 
 
    GERMINABILITY  (%) 
SPECIES     This  study:   Marrinup  Nursery 
 
cereal  rye     97.3    - 
Hakea undulata    97.3    76.2 
Hakea lissocarpha    93.3    73.1 
Xanthorrhoea gracilis    90.7    36.2 
Hakea ruscifolia   88    77.3 
Kennedia coccinea    74  (12.7)   25.5* 
Kennedia nigricans    62  (0.7)    12.0* 
Haemodorum laxum    34.7    79.9 
Hardenbergia comptoniana   34  (12.7)    31.0* 
Kennedia prostrata    30.7  (14.7)   15.0* 
Jacksonia furcellata      28.7 (4.7)    20.6* 
Acacia urophylla    28    54.6* 
Acacia extensa   27.3  (3.3)   53.4* 
Bossiaea ornata    25.3    29.9* 
Hypocalymma angustifolium   24.7  (12.7)    27.9 
Acacia incurva   24    44* 
Acacia lasiocarpa    21.3    59* 
Acacia alata     13.3    53.6* 
Gompholobium marginatum   11.3  (0.7)    41.2* 
Acacia pulchella var. glaberinna 6.7     58.2* 
Acacia saligna     6.7    41.4* 
Bossiaea pulchella    6  (2)    57.1* 
Gompholobium capitatum   5.3  (2.7)    50.1* 
Bossiaea eriocarpa    4    35.5* 
Hakea amplexicaulis    4    67.5 
Bossiaea linophylla    2.7    1.5* 
Acacia gilbertii    1.3    59.2* 
Acacia lateriticola    1.3    59.3* 
Agonis flexuosa    1.3    32.7 
Anigozanthos flavidus    1.3    55.2 
Bossiaea aquifolium    1.3    42.6* 
Grevillea bipinnatifida   1.3    3.8 
Melaleuca preissiana    1.3    68 
Pericalymma elliptica    1.3    87.2 
Templetonia retusa    1.3    34.2 
Trymalium floribundum   1.3    20.9* 
Acacia drummondii ssp. candolleana  0      79.5*   75
Acacia ligulata   0    2.6* 
Andersonia involucrata   0    16.6 
Anigozanthos manglesii   0    24.4 
Baeckea camphorosmae   0    1.5 
Calothamnus graniticus   0    - 
Calothamnus quadrifidus   0    26.8 
Cyathochaeta avenacea   0    55.2 
Danthonia caespitosa    0    - 
Dasypogon bromellifolius   0    0 
Daviesia cordata    0    29.4 
Daviesia physodes    0    35.1 
Dryandra sessilis    0    50.1 
Gompholobium ovatum   0    - 
Gompholobium shuttleworthii 0    - 
Gompholobium venustum   0    52.3* 
Grevillea quercifolia    0    1.7 
Hakea trifurcata    0    62.6 
Hemigenia ramosissima   0    - 
Hibbertia lasiopus    0    0.6 
Hibbertia serrata    0    0 
Leucopogon propinquus   0    0 
Macrozamia riedlei    0    33.9 
Melaleuca incana    0    57.4 
Patersonia juncea    0    0 
Pimelia cileata   0    0.4 
Mesomelaena tetrogona   0    0 
Mirbella dilata   0    58.0* 
Pterochaeta paniculata   0    25.6 
Sphaerolobium medium   0    22.4* 
Stylidium affine    0    0.6 
Stylidium brunoniamum   0    - 
Stylidium junceum    0    0 
Thysanotus floribundum   0    - 
Xanthorrhoea preisii    0    44.4 
 
 
4.4.3  Soil seed bank 
 
Topsoil seed bank testing found that for fresh forest topsoil and 6-12 month old 
topsoil, no plants germinated.  For 24-month old topsoil, around 14 plants 
representing 4 unidentified species emerged in total from 18 trays of topsoil.   
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4.4.4  General vegetation response over time 
 
By 4 October 2000, the cereal rye and some native species had germinated in the 
field.  Cereal rye was up to 40 cm high, and native plants were around 5-10 cm 
high.  The native species showed good health, comprising mostly of Acacia, 
Grevillea,  Xanthorrhoea gracilis,  Bossiaea,  Hakea and some native grasses.   
There was some apparent 'scalding' on foliage, particularly on plants nearest the 
top of the slopes.  Densities were somewhat less for BRDA4X, though those 
present were of good health. 
 
 
 
 
Plate 4.1  Seedlings in July 2000. 
 
 
The main weeds present on the plots were Briza maxima (quaking grass), Juncus 
acutus (spiny rush), Juncus bufonis (toad rush), Schonchus sp., Nyphalea sp., 
Medicago sativa (lucerne), Lolium rigidum (Wimmera rye-grass – annual), 
Avena fatua (wild oat), Anagallis arvensis (scarlet pimpernel), Anagallis   77
foemina (blue pimpernel), Cirsium vulgare (spear thistle) and an unidentified 
pasture legume, possibly an annual Trifolium species (Lamp and Collet, 1984).  
Toad rush, Wimmera rye grass and blue pimpernel are commonly found in 
disturbed soil and exposed or ‘waste’ places (Lamp and Collet, 1984).   
 
In March 2001, most of the previously established plants had survived, and were 
in relatively good health.  These were around 10-30 cm high.  However, 
evidence of kangaroos grazing on the native plants on BRDA2a was observed.  
This was a period of senescence for the cereal rye and, prior to this period, 
kangaroos had been grazing on cereal rye, in preference to the native plants, on 
BRDA4X.  No further kangaroo activity was observed on any plots after fence 
installation in May 2001. 
 
By May 2001, some plant heights were around 60-80 cm, and by July 2001, 
some plants were 1.8 m tall.  Scalding of foliage was not apparent, though some 
native plant deaths were observed in July 2001 (Figure 4.2).   
 
Cereal rye began resprouting on all plots around September 2001, initially most 
noticeably on blocks G and H. 
 
By 26 October 2001, numerous pods were observed on the native plants, mostly 
on Acacia and Kennedia species. 
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Plate 4.2  Acacia drummondii ssp. candolleana, on ‘Best Previous Practice’ 
treatment, 3 September 2001. 
 
 
 
 
Plate 4.3  Acacia pulchella var. glaberinna, on ‘BP turbo-mulch then seed’ 
treatment, 3 September 2001. 
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Plate 4.4  ‘BP turbo-mulch then seed’ treatment, 3 September 2001, with 
Kennedia nigricans in the foreground, and Hakea lissocarpha (taller plants) and 
Acacia extensa (long, needle-like leaves) among the species in the background. 
 
 
In April 2002, several other species had grown to a height comparable to the 
previously highest species, Acacia extensa and Hakea lissocarpha.  These 
included Bossiaea aquifolium, up to 1.5 m tall, and Jacksonia furcellata, up to 
1.6 m tall.  Native plant numbers and percentage cover increased and weed 
numbers decreased from July 2001 to April 2002 (Figures 4.2, 4.3 and 4.5).   
 
Potential seed germination based on amount and germinability of seed sown was 
considerably higher that actual seed emergence in the field (Table 4.5). 
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Table 4.5  Potential and actual number of seeds emerging on all plots, for 
species for which data was available.  Expected seed germination was based on 
mass of seeds sown, laboratory seed germinability tests (except where 1993 
Worsley Alumina field germinability is noted below) and number of seeds per 
gram.  Actual seed germination was based on July 2001 and April 2002 field 
emergence. 
 
SPECIES EXPECTED  SEED 
GERMINATION 
(number of plants) 
PLANT 
EMERGENCE IN 
THE FIELD 
– July 2001 
 (number of plants) 
PLANT 
EMERGENCE IN 
THE FIELD 
- April 2002 
(number of plants) 
 
Acacia alata   3740*   25 41 
Acacia alata   1452  25 41 
Acacia drummondii 
ssp. candolleana  3088 
3 1 
Acacia extensa  16732*  80 103 
Acacia extensa  5576  80 103 
Acacia gilbertii  4928*  19 23 
Acacia gilbertii  88  19 23 
Acacia lateriticola  88  17 37 
A. pulchella var. 
glaberinna  644* 
4 6 
A. pulchella var. 
glaberinna  60 
4 6 
A. saligna  28  2 2 
Acacia urophylla  1672  31 58 
Bossiaea eriocarpa  2244  6 1 
Bossiaea ornata  4620*  35 26 
Bossiaea ornata  2508  35 26 
Bossiaea pulchella  220  14 16 
Gompholobium 
marginatum  16720* 
0 0 
Gompholobium 
marginatum  2816 
0 0 
Grevillea bipinnatifida  0  1 0 
Haemodorum laxum  2200  0 0 
Hakea amplexicaulis  264  40 12 
Hakea lissocarpha  9328  119 91 
Hakea ruscifolia  748  10 8 
Hakea undulata  5236  108 62 
Hypocalymma 
angustifolium  21824 
8 15 
Kennedia coccinea  5120  20 37 
Kennedia prostrata  2252  11 28 
Leucopogon 
propinquus  4 
0 0 
Macrozamia riedlei  0  0 0 
Xanthorrhoea gracilis  7392  0 1   81
Xanthorrhoea preisii  28  0 0 
*  Worsley, 1993, unpublished report. 
 
4.4.5  Vegetation response to surface treatment on batters 
 
Cereal rye was not as prevalent on ‘Best Practice’ as on ‘Best Previous Practice’, 
with the highest numbers of cereal rye plants occurring on ‘Best Previous 
Practice’ and ‘BP south aspect’ (Figure 4.1).  ‘BP steeper, no topsoil’ had the 
lowest cereal rye cover of all treatments except ‘BP no mulch’ and the two 
turbo-mulched treatments, which were nominally unseeded with cereal rye.  
Cereal rye cover on ‘BP steeper, no topsoil’ was also more thin and spindly than 
on other treatments, reflected by the similar numbers of rye stems to rye plants, 
or nodes from which multiple stems arise.  There was some contamination by 
hydro-mulch, which contained the cereal rye seed, of plots adjacent to hydro-
mulched plots, specifically the lower half of the turbo-mulched plots in Blocks B 
and F, the south side of the turbo-mulched plot in Block H, and ‘BP no mulch’ 
in Block C (Figure 4.1).   
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Figure 4.1  Mean number of cereal rye plants per 1 m
2, assessed in October 
2000.  Rye ‘plants’ refers to the number of basal nodes from which stems or 
risers grew.  Rye ‘stems’ refers to the number of these risers.  Vertical bars show 
standard error. 
 
 
‘Best Practice’ had amongst the highest native plant numbers (Figure 4.2) and 
species richness (Figure 4.4) in October 2000 and July 2001, though numbers 
had declined in that period and remained at that level whilst other treatments had 
increased numbers by April 2002.   
 
At all times during the study period, ‘Best Practice’ (Plate 4.5) exceeded ‘Best 
Previous Practice’ (Plate 4.6) in native plant numbers (p < 0.04), percentage 
cover (p < 0.07) and species richness.  Weed numbers were initially also higher 
in ‘Best Practice’ than in ‘Best Previous Practice’, though this had reversed by 
April 2002 (Figures 4.2 to 4.5).  ‘Best Practice’ and ‘Best Previous Practice’ had   83
similar weed numbers in July 2001 and April 2002 (p > 0.11).  Of all treatments, 
‘Best Previous Practice’ showed the second (July 2001) and third (April 2002) 
lowest native plant numbers and species richness, and the second lowest native 
percentage cover (Figures 4.2 to 4.4).  ‘Best Previous Practice’ had significantly 
lower native plant numbers than ‘BP no mulch’ (p < 0.003) in July 2001 and ‘BP 
lower seed’, ‘BP no mulch’, ‘BP turbo then seed’ and ‘BP south aspect’ (p < 
0.05) in April 2002.   
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Figure 4.2  Mean number of native plants per 1 m
2 quadrat over time.  Vertical 
bars show standard error. 
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Figure 4.3  Mean % foliage cover of native plants assessed in 1 m
2 quadrats over 
time.  Vertical bars show standard error. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.5  ‘Best Practice’ plot 
on 24 July 2002. 
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     Plate 4.6  ‘Best Previous Practice’    
     plot on 24 July 2002 
The use of turbo-mulch with the ‘best practice’ produced the greatest native 
foliage percentage cover (p < 0.05 compared with ‘Best Practice’), biomass and 
height by July 2001 (Figure 4.3) (Plate 4.7), and the greatest native plant 
numbers on ‘BP turbo then seed’ in April 2002 (Figure 4.2).  There were no 
significant differences between the two turbo-mulched treatments (p > 0.5), 
though ‘BP turbo then seed’ produced slightly higher native and weed plant 
numbers (Figures 4.2 and 4.5) and species richness (Figure 4.4) than ‘BP seed 
then turbo’.  For the whole trial period, the highest proportion of native plants to 
weeds occurred on turbo-mulch treated slopes. 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.7  ‘BP turbo then 
seed’  plot on 24 July 
2002.
   86
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Figure 4.4  Mean number of native plant species per 1 m
2 quadrat.  Vertical bars 
show standard error. 
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2 quadrat over time.  Vertical bars 
show standard error.   87
‘BP with no mulch’ showed the greatest combined growth of weed and native 
plant numbers, and the second lowest growth of cereal rye in October 2000.  ‘BP 
lower seed’ (Plate 4.8), ‘BP lower fertiliser (Plate 4.9), ‘BP no mulch (Plate 
4.10) and ‘BP no topsoil’ (Plate 4.11) all had similar native plant numbers and 
percentage cover in July 2001 (p > 0.07) and April 2002 (p > 0.1).  ‘Best 
Practice’ did not significantly differ from any of these four treatments in terms 
of native plant numbers and percentage cover in July 2001 and April 2002 (p > 
0.099).  Percentage cover on ‘BP lower seed’, ‘BP lower fertiliser and ‘BP no 
mulch’ were similarly high to the two turbo-mulched treatments in July 2001 (p 
> 0.056).  ‘BP no topsoil’ had the lowest percentage cover of these four 
treatments in July 2001 and April 2002, comparable with ‘Best Previous 
Practice’ (p > 0.1).  
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Plate 4.8  ‘BP lower seed’ plot on 
24 July 2002. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.9  ‘BP lower fertiliser’ 
plot on 24 July 2002. 
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Plate 4.10  ‘BP no mulch’ plot on 
24 July 2002 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.11  ‘BP no topsoil’ plot on 
24 July 2002 
In April 2002, ‘BP steeper’ (Plate 4.12) had significantly lower native plant 
numbers than ‘Best Practice’, ‘BP lower seed’, ‘BP no mulch’, ‘BP turbo then 
seed’ and ‘BP south aspect’.  However, 'BP steeper' also had similarly high native 
percentage cover as 'BP turbo then seed' and 'BP seed then turbo' (p > 0.09), and 
higher percentage cover than ‘Best Practice’ (p < 0.05). The species most 
responsible for this percentage cover were Kennedia nigricans and Hardenbergia 
comptoniana (Plates 4.14 and 4.15).  In July 2001, ‘BP steeper, no topsoil’ (Plate 
4.13) native plant numbers were significantly lower than those on ‘Best Practice’,   90
‘BP lower fertiliser’, ‘BP steeper’ and ‘BP south aspect’ (p < 0.04).  By April 
2002, ‘BP steeper, no topsoil’ had the lowest native plant numbers compared 
with all treatments (p < 0.05).  Together with ‘BP lower fertiliser’, the steeper 
treatments were the only treatments that did not show an increase in native 
species richness between July 2001 and April 2002 (Figure 4.4).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.12  ‘BP steeper’ plot on 24 
July 2002. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.13  ‘BP steeper, no topsoil’ 
plot on 24 July 2002. 
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Plate 4.14  Kennedia nigricans 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 4.15  Hardenbergia comptoniana 
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The increase in native plant numbers between July 2001 and April 2002 was 
relatively large for ‘BP south aspect’ plots, compared with all other treatments 
for which native plant numbers increased during this period (Figure 4.2).  Weed 
numbers decreased in this period for all treatments other than ‘BP steeper’.  This 
decrease was proportionately small for ‘BP south aspect’ compared with other 
treatments (Figure 4.5).  In April 2001, weed numbers on 'BP south aspect' were 
higher than on any other treatment.  Native percentage cover on 'BP south 
aspect' was lower than on the turbo-mulched plots and 'BP steeper', higher than 
on 'BP steeper, no topsoil', and similar to all other treatments.
 
 
 
 
 
 
 
 
 
 
 
 
Plate 4.16  ‘BP south 
aspect’ plot on 24 July 
2002 
 
Considering all plots, there were no significant differences in weed or native 
plant numbers between upper-, mid- and lower slopes (p > 0.25).   
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The treatment blocks were compared using ANOVA by comparing those blocks 
representing replicates of the same treatments: 
1)  A, B, C, and D, each containing treatments 1, 2, 5 and 7. 
2)  E, F, G, and H, each containing treatments 2, 3, 4, 6, and 8 
The only significant differences were that blocks E and F differed from blocks G 
and H with higher native plant numbers (p < 0.013) and native species richness 
(p < 0.007).  Block F also differed from block H with higher native percentage 
cover (p < 0.03). 
 
Blocks I, K and L contained just one treatment, preventing ANOVA analysis.  
By comparing the percentage difference compared to the higher values, block K 
showed 43-76% lower native plant numbers, percentage cover and species 
richness compared to the other block of treatment 11. 
 
 
4.4.6  Effects of cereal rye on weed growth, native plant growth and rilling 
 
There was weak correlation between native plant numbers and cereal rye 
biomass, between native plant numbers and weed biomass, and between cereal 
rye biomass and weed biomass for each plot in October 2000 (r
2 < 0.26).  The 
only strong relationship was a positive correlation between the cereal rye 
biomass and native plant numbers on ‘BP no topsoil’ (r
2 = 0.71).   
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In July 2001 and April 2002, there was no strong correlation between native 
plant numbers and weed numbers, with r
2 = 0.199 and r
2 = 0.082 respectively.   
 
Comparing mean cereal rye biomass, plant and stem numbers for each treatment 
with the mean number of rills over all sampling periods prior to cereal rye 
harvesting for each treatment found no strong correlation (r
2 < 0.50), except for 
the number of rills 10-15 cm wide and rye stem numbers (r
2 = 0.57) and the 
number of rills < 5 cm wide and rye biomass (r
2 = 0.70). 
 
 
4.5  Discussion 
 
4.5.1  Soil conditions 
 
The higher pH observed at the soil surface prior to treatment may be a result of 
alkaline bauxite residue dust deposited on plots from the exposed, dry BRDA 
surfaces nearby.  The increased electrical conductivity observed at the surface 
may also reflect the presence of this dust, though this was observed after 
treatment application.  Wind-blown residue appears to be most severe on the 
east-facing plots given the lower pH measured on the south aspect plots prior to 
and following treatment application.  The higher pH at greater depths following 
treatment in both July 2000 and October 2001 may be associated with winter 
rains leaching alkaline solutes lower in the soil/spoil profile.  Alternatively, a 
lower pH of the covering materials – topsoil and/or mulch – compared with the 
base clay, rock-pitch or bauxite residue dust should be beneficial for 
ameliorating the soil for better plant growth.  This may particularly be the case 
for the turbo-mulch, which would produce humic acids upon decomposition.    95
Litter generally contains more acidic substances than basic substances, though 
pH tends to increase over time under aerobic conditions and decrease over time 
under anaerobic conditions (Jarvis and Jarvis, 1972).  
 
The electrical conductivities (EC) measured in the field were too low to have 
any significant effect on native plant growth (Reuter and Walker, 1996).   
However, as pH (measured in a 1:5 soil:water suspension) becomes greater than 
8.0, plant health and survival begins to decline, and pH greater than 9.0 is 
generally indicative of sodicity (Reuter and Walker, 1996).  Sodicity can cause 
soil structure decline, which would reduce soil permeability and increase erosive 
runoff production, and can also be directly toxic to plants (Scholz and Moore, 
1998).  This may not be significant given the low EC measured and the 
apparently healthy growth of plants in the field, but pH, EC, sodicity and 
vegetation health may require further assessment over a longer period.   
 
There is a potential risk to vegetation success over the period during which the 
BRDA’s are operational, given that pH was higher in October 2001 than July 
2000.  This may indicate increased bauxite residue dust blowing onto the plots in 
the drier months, increasing soil pH, or it could show that leaching in winter and 
pH amelioration by mulch and litter may be insufficient for reducing or 
buffering pH in the long term.  The procedures used to control residue dust at 
Worsley Refinery are under ongoing revision.  Also, the residue dust will no 
longer be exposed after BRDA closure and the risk to plant growth will be 
reduced.  While there was no significant loss of vegetation cover observed over 
this study period that might justify an immediate increase in residue dust control 
measures, pH and vegetation monitoring will need to continue to assess whether   96
or not this will become a problem for the sustainability of vegetation growth 
during the period prior to BRDA closure.   
 
4.5.2  Treatment factors promoting growth 
 
Factors that promoted native plant establishment and growth include turbo-
mulch, topsoil, the lower fertiliser rate of 400 kg/ha used on the plots and a 
gentler gradient.  Treatments lacking one or more of these factors – ‘Best 
Previous Practice’, ‘BP steeper, no topsoil’ and ‘BP steeper’ – also showed the 
least native species richness.  Increasing the seed rate from 2.5 kg/ha to 5 kg/ha 
had no significant effect on plant cover.   
 
Following October 2000, when weeds were removed for biomass assessment, 
weed growth and re-establishment were favoured by topsoil and the higher 
fertiliser rate.  Initial weed growth was high on the steeper slope plots with no 
topsoil, but weeds did not re-establish well after October 2000 on either steep 
treatment.  This implies that weeds were present in the rock-pitch, or that the 
reduced competition from native plants allowed weeds to flourish.  Both mulch 
types protected the soil from weed establishment, more so for turbo-mulch.  The 
large, deep pores between the turbo-mulch particles and the deeper placement of 
turbo-mulch compared with hydro-mulch may discourage weed establishment or 
emergence more than for intentionally seeded native species.   
 
 
 
4.5.2.1  TURBOMULCH   97
Turbo-mulch has a low bulk density and a high porosity, allowing greater water 
storage.  It promoted the greatest plant growth / percentage cover of all the 
treatments, regardless of the position of seed in the turbo-mulch.  The slightly 
lower native and weed plant numbers for the ‘seed then turbo’ treatment may be 
accounted for by the deeper seed position, exacerbated by the turbo-mulch 
operators disturbing and pushing the seed and fertiliser deeper.  This did not 
affect native percentage cover once plants were able to establish.  Mulch has 
been associated with significantly increased soil soluble potassium and organic 
matter after 3 years to a depth of at least 10 cm (Stephenson and Schuster, 
1945).  The decomposition of turbo-mulch releases nutrients and decreases soil 
pH that, given the relatively high pH associated with residue dust, would also 
aid plant growth.  That turbo-mulched plots showed similar plant numbers to 
‘Best Practice’ and ‘BP lower fertiliser’ may be simply because the greater 
biomass of the plants on turbo-mulch restricted the number that could grow 
through competitive effects.   
 
One study using a range of hydraulic models (Ruan et. al., 2001) showed that 
adding mulch or surface residue cover reduced soil surface sealing – the 
blocking of surface pores (Shainberg and Levy, 1996) – and therefore increased 
infiltration, improving water availability to plants.  Mulch has been found to 
improve soil aggregation up to a depth of 30 cm (Stephenson and Schuster, 
1945), which would also increase water infiltration.  However, too much mulch 
or residue could reduce the amount of irrigation or rainfall reaching the soil, 
which could be detrimental to plant growth.  The actual effects of mulch on 
water availability depend on soil type, patch size with a given mulch/residue 
cover and rainfall intensity.  Perhaps the native growth on the batter plots with 
turbo-mulch could be improved if plant growth and soil moisture were assessed   98
for varying degrees of turbo-mulch cover, a form of optimisation of mulch cover 
conducted by Ruan et. al. (2001).  However, the role of mulch in reducing soil 
moisture loss may be more important than any associated reduction in rain 
reaching the soil, particularly compared with the other experimental treatments.  
Plant material mulch has been found to retain moisture better than grass, weed 
cover or bare soil, its effect evident to a depth of up to 60 cm.  This increased 
moisture retention was associated with increased presence of plant-available 
nitrates, thought to be more readily formed from atmospheric nitrogen in the 
presence of higher soil water (Stephenson and Schuster, 1945). 
 
4.5.2.2  TOPSOIL 
Topsoil improved plant growth probably through the provision of an initial store 
of nutrients for early plant establishment.  Topsoil and rock-pitch have the 
benefit of providing a greater depth of material in which plants can establish and 
obtain nutrients and water.  This might explain why ‘Best Previous Practice’, 
which lacked the depth of rock-pitch material, showed relatively low native 
plant numbers and species richness. 
 
‘BP no topsoil’ and ‘BP steeper, no topsoil’ showed fewer plant numbers and 
native percentage cover than ‘Best Practice’ and ‘BP steeper’ respectively.   
Large rocks with shaded soil in the deep crevices between them may have 
restricted growth, particularly where the rock-pitch was coarser such as in block 
G.  The proportion of fine material with accessible nutrients was also less 
without the addition of topsoil.  Also on these plots, there may have been 
inaccuracies in distinguishing weeds from native plants as the plants tended to 
be smaller and less dense.  This was also a problem for the preliminary plant 
assessment data from 4 October 2000 shown in Figure 4.3.   99
 
Handling of the topsoil is also important to consider.  The plants that grew from 
the soil seed bank in the oldest topsoil sample were probably weed species.  This 
is because the viability of native seed in the soil seed bank declines with time.  
Where increased species diversity has been found in stockpiled topsoil, there 
have been additional species found not present in the jarrah forest adjacent to the 
topsoil collection site (Glossop, 1981).  Also, high temperatures can produce a 
dormancy state in the seeds of some species, to prevent germination in summer 
when rainfall is insufficient (Bell et al., 1993).  Even if this contributed to the 
low germination in the topsoil seed bank trials, it would not have inhibited all 
species (Bell et al., 1993), and any native species not inhibited would be more 
likely to be present in the fresher topsoil.  Other mines use the topsoil they 
remove prior to resource extraction immediately on areas to be rehabilitated, 
without stock-piling (Foster, 1989).  The seed bank of topsoil handled this way 
has been found to contain species that were more similar to undisturbed forest 
than for stockpiled soil (Glossop, 1981), which would improve the likely 
stability and sustainability of the rehabilitation.  Direct return of topsoil would 
also be beneficial in terms of maintaining greater viability of seed present in the 
seed bank, and also for maintaining soil microbial activity that supports plant 
growth, reducing additional seeding requirements and cost.   
 
 
 
4.5.2.3  LOWER FERTILISER 
Increasing the fertiliser rate did not significantly affect native plant numbers or 
percentage cover in the field.  This could have resulted because the extra 
fertiliser was not available to the plant.  For example, scarification of mine spoil,   100
as occurred on the rock-pitch prior to treatment application, has been found to 
increase adsorption sites available for phosphorus, reducing the amount of 
phosphorus available to plants (Bolland, 1998).  This may have negated any 
effect of increased fertiliser.  The poor emergence of the topsoil seed bank with 
the application of the higher fertiliser rate suggests that the high fertiliser rate 
may have inhibited seed germination.  The native plants may not have required 
the additional nutrients.  Nutrients such as copper and zinc have good residual 
values, and where it is applied through fertilisers, it is suggested that 
reapplication occur after around 30 years (Brennan, 1998a and 1998b).   
Molybdenum also remains in the soil well, particularly in soils that are not 
acidic (Riley, 1998).  Alternatively, another nutrient not included in the fertiliser 
may have been limiting.  This would require further experimentation.     
 
4.5.2.4  LOWER SURFACE GRADIENT 
The steeper plots showed a similarly low native species richness as ‘Best 
Previous Practice’ (Figure 4.4) because plant establishment generally was not 
favoured (Figures 4.2 and 4.3), possibly through increased runoff flow velocity 
carrying water and nutrients downslope.  Increased downslope seed loss with 
increased slope also may have been associated with reduced plant establishment 
on the steeper slope.  However, the laboratory tilting flume tests showed no 
significant seed loss from topsoil.  Seed loss may, therefore, only be significant 
for ‘BP steeper, no topsoil’ rather than ‘BP steeper’.  These tests showing the 
effects of slope on runoff and seed loss are described in Chapter 5. 
 
 
4.5.3  Seeding rate, seed application and species selection 
   101
Increasing the seed rate from 2.5 to 5 kg/ha may not be necessary or beneficial.  
This is suggested by the insignificant difference between ‘BP’ and BP lower 
seed rate’ for native plant numbers, percentage cover and species richness.  It 
may be that increasing the seed rate would have a greater impact on plant 
numbers when growing conditions are more favourable, such as in turbo-mulch, 
though this requires further experimentation.  Over all plots and treatments, the 
amount of germinable seed sown for each species was far in excess of what 
actually grew.  Possible hindrances to seed germination include adverse soil or 
water conditions, such as bauxite residue dust blown onto the field plots.  The 
high pH observed in the pre-treatment soils (Table 4.1) and the occurrence of 
leaf scalding are consistent with the presence of residue dust.  Seed losses 
through bird and other animal feeding may also have been occurring.  Whether 
or not runoff caused seed loss down the slope was assessed in the laboratory 
flume studies (Chapter 5). 
 
The lower number of native plants and decreased species richness that occurred 
on ‘Best Previous Practice may have been associated with seed damage resulting 
from mixing the native seed with the organic binder used in hydro-mulch 
(Steward and Hansen, 1996).  Given the evenness of distribution of native plants 
along the slope and the success of growth on other treatments, broadcast seeding 
would be recommended. 
 
Those native species with the highest seed germinability (34-97 %) were, as 
would be expected, also highly prevalent in the field in July 2001 – with more 
than 15 individual plants over the 48 plots:  Hakea undulata, Hakea lissocarpha, 
Kennedia coccinea, Kennedia nigricans, Hardenbergia comptoniana.  Others 
with lower germinability (< 28 %), however, were also common: Acacia alata,   102
Acacia extensa, Acacia gilbertii, Acacia lateriticola, Acacia urophylla, Bossiaea 
aquilifolium, Bossiaea linophylla, Bossiaea ornata,  Gompholobium 
shuttleworthii,  Hakea amplexicaulis, Mirbella dilata, Pericalymma elliptica.  
This suggests that certain species were better favoured by the field conditions at 
the time of germination, compared with the conditions under which the seeds 
tested for germinability were stored and germinated.  Some species with high 
germinability (34-91 %) were not prevalent: Haemodorum laxum,  Hakea 
ruscifolia and Xanthorrhoea gracilis.   
 
Those native species that grew in the field were almost all dicotyledons.  The 
gymnosperm that was seeded, Macrozamia reidlii, did not emerge, and the only 
monocotyledon that established was Patersonia juncea.  The species that 
provided the most cover were either low-lying, creeper species or legumes, and 
these should be included in future seed mixes.  However, the lower native plant 
numbers, percentage cover and species richness occurring on ‘Best Previous 
Practice’ may be reflective of a need to maximise the number of species in the 
seed mix.  More emphasis should be placed on including monocotyledon species 
to improve species richness, and some pre-treatment may be required for 
monocotyledon seeds. 
 
Both types of vegetation are compatible with the surrounding jarrah forest given 
that the species seeded are found in the jarrah forest.  This increases the 
likelihood that volunteer recruitment of plants from the forest would contribute 
to the long term sustainability of vegetation in the rehabilitation area.  The 
problem with using plants found in the surrounding jarrah forest occurs when 
they are placed on mining or reconstructed land in a relatively thin layer of 
topsoil on a substrate unlike that in the forest.  This affects the soil hydrology,   103
plant root penetrability and nutrient cycling.  Because the recommended 
minimum depth of topsoil for rehabilitation use, 5-10 cm, only provides a 
temporary store of nutrients for the early stage of vegetation establishment 
(Evans, 2000; Bradshaw and Chadwick, 1980), the use of relatively fresh topsoil 
with similar soil microbes to the forest becomes important on batters in terms of 
nutrient cycling and vegetation sustainability.  
 
Cereal rye grew well on all hydro-mulched plots, as expected given its high 
germinability.  The quantity of cereal rye on a plot did not have a significant 
effect on either erosion or native and weed plant establishment, so its use in the 
early establishment phase of native plant growth was neither required nor 
detrimental, except cost-wise.  Cereal rye may have a role in nursing native 
seedlings, providing protection from drying, grazing and soil loss, but this may 
only be significant when conditions are relatively adverse to plant growth.  This 
was suggested by the occurrence of the only strong relationship between cereal 
rye biomass and native plant numbers, a positive correlation, on ‘BP no topsoil’ 
plots. 
 
Future competition effects of cereal rye remain in question because of the 
unexpected regrowth of cereal rye following its first season.  Prior to initial 
sowing, it was assumed that the rye was either sterile or would not survive the 
first summer following its autumn/winter growing season.  Following this 
regrowth, however, lower native plant numbers/cover/diversity coincided with 
more noticeable initial sprouting of cereal rye in blocks G and H.  This either 
means that rye growth suppresses native plant growth at later stages of 
development, or that native plant growth is independent of but can influence   104
cereal rye growth through competition for resources. Any subsequent 
competition effects will need to be assessed over a longer time frame.  
 
The superiority of heath-form vegetation over taller-form vegetation for erosion 
control is not conclusive given the low density and cover of native plants on 
‘Best Previous Practice’, and the prevalence of tall-form Acacia species on the 
treatment plots of both seed mixes tested.  Although taller-form vegetation 
provides more soil protection against rain blown at an angle than the vertically 
viewed area cover would suggest (Steiner et. al., 2000), prostrate forms of 
vegetation have the benefit of providing increased surface cover.  The resulting 
protection of soil from erosion provides a positive feedback of supporting 
vegetation growth (Stocking, 1994).  Being in more intimate contact with the 
soil and soil microbes, however, prostrate forms are more prone to 
decomposition that decreases foliage cover, and any soil protection benefit 
would have to be assessed in the longer term.   
 
The interaction between vegetation cover and soil erosion was difficult to 
determine in the field because of the many factors associated with each 
treatment that might affect erosion and vegetation growth, such as the presence 
of turbo-mulch.  This is one area where the laboratory studies and previous 
literature become important.  How vegetation affects runoff and soil loss under 
varying runoff conditions is explored in Chapter 5 
 
4.5.4  Other factors affecting vegetation 
 
Seed distribution, spray from bauxite residue outlets and residue dust displaced 
by wind or residue pumped into the disposal area can affect vegetation growth.    105
Factors affecting these that may account for the variability between blocks 
include wind direction, the positioning of residue outflow pipes and the time 
when plants are exposed to residue spray or dust.  Scalding of plant foliage 
apparently as a result of bauxite residue dust became more apparent in spring 
and summer, as the residue was drier, more loosely bound and subject to wind 
movement.  In winter, the moister residue dust would have been less easily 
transported, and its effect on soil pH ameliorated by runoff and leaching.  This 
may explain the lower pH values obtained then.  As discussed in Section 4.5.1, 
monitoring of pH is required to assess any long term problems relating to this 
residue dust and whether or not any dust control or repositioning of residue 
outflow pipes is required.   
 
 
The lower plant numbers on ‘BP south aspect’ plots in October 2000 resulted 
from kangaroo grazing.  The disproportionately high increase in native plant 
numbers and low decrease in weed numbers probably shows recovery of the 
vegetation from this grazing following fencing of the plots.  Fencing of plots for 
at least the first two years of vegetation establishment would, therefore, be 
recommended for future rehabilitation and studies. 
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Chapter 5  Laboratory Measurement and Model 
Simulations of Erosion 
 
5.1  Introduction 
 
Some soil erosion studies focus on relative differences in the erosion of different 
soil types, surface covers or slopes in laboratory tests (Cruse et al., 2001), to 
determine what factors affect soil erosion in the field and in what way these 
factors interact.  Other studies aim to make predictions of soil erosion behaviour 
in the field, and require models to relate absolute measurements from the field to 
the laboratory measurements to determine the relationships between factors   107
affecting erosion.  There are many soil erosion models, and these fall into two 
broad categories: empirical, and process or physically based. 
 
Empirical erosion models generally predict average annual soil losses, using 
experimental data to find a general descriptive mathematical equation.  For the 
widest applicability, such equations need to incorporate easily measurable site 
factors with a minimum of constants that only fit site-specific conditions.   
Factors generally found to increase soil erosion include increased rainfall, slope 
angle, slope length and runoff, and decreased soil structure, organic content and 
vegetation cover (Evans, 2000; Coles and Moore, 1998; Roberts, 1992; 
Emerson, 1991).  For example, increased rainfall intensity results in increased 
soil loss (Lawer, 2000; Mahmoudzadeh, 2000; Zheng et al., 2000), and a single 
heavy storm can boost natural erosion rates by up to 200 times if a soil is already 
denuded (Yapp and Gibbons, 1988).  Dividing up a slope length with bunds or 
some physical barrier such as vegetation, straw bales or earthworks, along the 
contour at intervals downslope, is effective in reducing erosion (Environmental 
Management and Research Consultants, 1999b).  The hydrological response, or 
the ratio between runoff flow and precipitation, can be very variable depending 
on prior rainfall and storage conditions (Brooks et al., 1991).  Soil depth and 
structure affect the storage capacity of a soil, and hence surface runoff.  Reduced 
infiltration from road construction and soil disturbance from vehicle movements 
can increase erosion rates (Beale and Fray, 1990).  The widely used Universal 
Soil Loss Equation (USLE), developed by the United States Department of 
Agriculture (Wischmeier and Smith, 1978), and its variants, the Revised 
Universal Soil Loss Equation (RUSLE) (Renard et al., 1994), the Modified 
Universal Soil Loss Equation (MUSLE) (Williams, 1975) and USLE-M (Kinnell   108
and Risse, 1998), incorporate these soil properties, landform and rainfall, and 
additionally consider a management practice factor.   
 
Soils vary in erodibility based on their physical and chemical composition and 
structure.  For example, clay, silt and organic matter give soil almost all of its 
structure (Beale and Fray, 1990), and pH and exchangeable sodium percentage 
have been shown to affect hydraulic conductivity and dispersion (Ishiguro and 
Nakajimi, 2000), which in turn affects a soil’s susceptibility to erosion.  The 
MINErosion model (Sheridan and So, 1998) uses erodibility values obtained 
from laboratory flume and rainfall simulations to relate erodibility values to soil 
properties such as pH and organic matter composition (Sheridan et al., 2000a).  
The methods and equations used to derive erodibility and soil loss estimates 
from laboratory tilting flume data are described by Sheridan et al. (2000b).   
Others have also related erodibility to substrate properties, such as particle size 
distribution, cation exchange capacity and profile permeability (Wischmeier and 
Smith, 1978; Laflen et al., 1991). 
 
Process or physically-based models have been developed more recently - since 
the 1970’s and 80’s - whereas empirical models have been used from the 1940’s 
and 50’s (Sriboonlue and Tregoles, 2001).  Physically based models, unlike 
empirical models, can consider variations in soil erosion or deposition spatially 
and temporally.  Also, physically based models are inherently universally 
applicable, given that they are based on fundamental physical processes.  They 
do, however, require more powerful computing to numerically solve partial 
differential equations, and such solutions are prone to errors.  
Such models include:   109
1)  PERFECT-GRASP-MUSLE (PGM) - a combination of a soil hydrology 
model (PERFECT), vegetation growth model (GRASP) and a soil loss model 
(MUSLE).  The stored water component of soil hydrology is used to estimate the 
grass vegetation developed on a soil/spoil under the prevailing climatic 
conditions. Using grass biomass to estimate the vegetative cover, potential 
erosion rates can be estimated from a combination of slope gradient and length. 
 
2)  WEPP - Water Erosion Prediction Project, developed by the USDA 
Agricultural Research Service.  This uses experimental data and statistical 
analyses to relate climate, topography, soil properties and management in terms 
of underlying physical processes.  It models, for example, the process of 
evaporation associated with solar radiation and wind data, or the processes of 
shear and detachment associated with particle composition (Laflen, 1997).   
WEPP is useful on complex slopes such as the multiple raises used in the 
construction of the retaining walls of mine residue disposal structures (Laflen et 
al., 1991). 
 
Other soil behaviour models consider soil water retention, hydraulic 
conductivity and an equilibrium time constant for each soil horizon fitted to 
experimental data (Ross and Smettem, 2000).  This considers the varying effects 
of macroporosity, particularly in heterogenous soils, and could be relevant to 
rock-pitch material given its large particle size and variability. 
 
The aim of this study was to predict annual soil losses from the various slope 
treatments trialed in the field.  This would help determine the optimal 
combination of parameters for effective control of erosion under the prevailing 
climatic conditions of the Worsley Refinery region.   Models were required to   110
allow situations to be considered that could not be tested in the field, such as 
varying slope gradient and length, and predicting the effects of consolidation in 
the long term.  By relating laboratory-scale results to field scale results, the 
models used might be modified to improve their predictions. 
 
 
5.2  Models used in this study 
 
The following models were used in this study:  
1)  MINErosion - developed and calibrated by the University of Queensland 
specifically for post-mining erosion control.  It is not sufficiently developed for 
longer term predictions where vegetation cover is established, and is suited for 
predicting single event erosion.  The relevant equations used and a full model 
description are detailed in Sheridan et al. (2000a).   
2)  MUSLE - Modified Universal Soil Loss Equation - empirical model used to 
assess the importance of single storm events (Williams, 1975): 
 
  A (annual soil loss) = 95(Qq)
0.56 x K x L x S x C x P  [imperial] 
  A (annual soil loss) = (0.5EI30 + 3.42Qq
0.333) x K x L x S x C x P
 [metric] 
 
3)  RUSLE - Revised Universal Soil Loss Equation - empirical model that can 
be related to single storm events, but was used here to predict an average annual 
mean soil loss: 
 
  A (annual soil loss) = EI30 x K x L x S x C x P 
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Q - Runoff volume – calculated using the ‘rational method’ as a function of 
rainfall intensity, catchment/plot area and infiltration (Beasley et al., 1984). 
q - Peak flow rate – calculated using rainfall, infiltration and measured from 
tilting flume results as the steady state runoff. 
EI30 - Rainfall erosivity – the product of rainfall kinetic energy and the 
maximum  
30-minute storm intensity summed for all storms in a year (Renard et al., 1994a) 
– assessed from climate data for Collie and Bridgetown, Western Australia. 
E = 1099(1-0.72exp(-1.27i)   
where E is kinetic energy in foot-tons per acre-inch and i is rainfall intensity in 
inches per hour.  This must be divided by 100 to change the units to hundred 
foot-tons per acre-inch for use in RUSLE.  This supercedes a formula initially 
developed by Wischmeier (1975), and has been found to better fit Australian 
data (Renard et al., 1997). 
K - Soil erodibility - determined from laboratory tilting flume trials and 
MUSLE. 
L - Slope length – the  Worsley Refinery field plot lengths of 13 and 15 m. 
S - Slope angle – the Worsley Refinery field plot gradient of 42.95%.  This is 
combined with L in the RUSLE to give a combined LS factor (Renard et al., 
1997). LS factors associated with a high rill to interill ratio, applicable to 
‘freshly prepared construction and other highly disturbed soil conditions with 
little or no cover’ (Renard et al., 1997), were chosen for 20 % and 30 % 
gradients for topsoil and the 30 % gradient for clay.  LS factors for low rill to 
interill ratios were used for all other slopes and consolidated materials tested, for 
which the MINErosion model showed that a low rill to interill erosion ratio 
would occur.    112
C - Vegetation cover management factor – considers tillage, fertility treatments, 
residue and vegetation cover, the effects of these varying seasonally and with 
decomposition, and consolidation with time, with values calculated from 
equations in Renard et al. (1997).  In determining C for the tilting flume data, it 
was assumed that surface roughness was similar to a clean-tilled field with only 
moderate intensity rainfall as a disturbance that would affect roughness, and that 
antecedent soil moisture was near field capacity.  This allowed for a worse-case 
estimate, and was done because soil roughness and moisture content were not 
measured or measurable at the conclusion of each flume run. 
P - Conservation practices such as contour banks, stripcropping, terracing and 
subsurface drainage – values as cited in Renard et al. (1997). 
 
The C- and P-factors are allocated numerical values based on the field 
conditions for which predictions are being made.  The numerical values 
associated with each type of field condition have been derived from around 50 
years of field data in the United States of America (Renard et al., 1994b).   
 
Values for the parameters used in MINErosion were measured for topsoil, clay, 
consolidated topsoil and compacted clay, and included soil texture (Standards 
Australia 1995), pH (Rayment and Higginson, 1992) and bulk density.  The pH 
used was a mean of samples taken in the field.  Bulk density for compacted or 
consolidated samples was around 1.8 t/m
3, whereas the maximum input allowed 
for bulk density was 1.73 t/m
3.  The output was a predicted single event soil loss 
plotted as a function of slope gradient and length, allowing soil loss to be 
predicted for a given field slope length and gradient combination.  This soil loss 
prediction was combined with other parameters in MUSLE to allow soil 
erodibility, KMUSLE, to be calculated.  These parameters include total and peak   113
flow rates, derived from field (Collie, Western Australia) annual rainfall data, 
and rainfall energy and intensity cover and management practice factors 
calculated from equations detailed in Williams (1975) and Wischmeier (1975).  
Soil loss, rainfall and runoff data from the flume experiments were also used to 
calculate a MUSLE soil erodibility.  These could then be used in either MUSLE 
or RUSLE to predict a rainfall event soil loss or an average annual soil loss, 
respectively, under different environmental conditions, such as the field 
treatments at Worsley Refinery. 
 
MUSLE and RUSLE were adequate for this study that was primarily concerned 
with predicting annual soil loss and comparing various treatments.  It has been 
suggested that RUSLE is no more accurate than USLE (Sriboonlue and 
Tregoles, 2001).  However, because RUSLE has and continues to be developed 
to improve and extend its capabilities beyond the agricultural uses of USLE 
(Biesemans et al., 2000; Renard et al., 1997) it was therefore considered more 
applicable to the mining environment of this study.   
 
The results of the field study can also be used to validate the models used – that 
is, test whether the model predictions were an acceptable simulation of field 
behaviour (Bethea and Rhinehart, 1991, cited in Yu et al., 2000).  In this respect, 
the present study is similar to one by Yu et al. (2000).  They calibrated an 
erosion model using field data, and model parameters were calculated from 
model equations using measurable soil properties – producing ‘predicted’ results 
– and compared with parameters calculated from field data – producing 
‘simulated’ results.  These field-based, calculated parameters represent a 
calibration of the model parameters for local conditions.  The laboratory tilting 
flume data of this study (see below) served a similar function.   114
 
A method of assessing model performance is the widely used coefficient of 
efficiency, E (Nash and Sutcliffe, 1970): 
 
E = 1 - Σ(O-Y)
2   where  O = observations 
  Σ(O- Ō)
2   Ō = mean of the observations 
      and    Y = model predictions / simulations 
 
The range of E is - ∞ to 1, with a negative E meaning that the model predicts 
worse than if the mean of the observations was used as the predictor.  
    
The correlation coefficient, r
2, is also widely used to determine how well 
predicted / simulated values from a model fit observed values. 
 
In literature reviewed by Yu et al. (2000), E > 0.76 (0.60 for flow simulation) 
and r
2 > 0.89 are acceptable, that is, they show that the model is valid for the 
circumstances for which it will be used.  Both coefficients and these benchmark 
values were used for the model predictions of this study. 
 
 
5.3  Materials and Methods 
 
Laboratory tilting flume tests were conducted at the Erosion Processes 
Laboratory of the University of Queensland, Brisbane, from 16 January to 5 
March 2001 (summer).  Simulated rainfall was applied to a 3 x 0.8 x 0.15 m 
tilting flume of controlled gradient, using apparatus described in more detail by 
Sheridan  et al. (2000a) (Plate 5.1).  This allowed different soil and soil 
treatments packed into the flume to be tested for their susceptibility to erosion.   
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Soil materials were randomly sampled by excavator from several points among 
stockpiles at the Worsley Refinery, and combined in 1 t polypropylene bulker 
bags.  These were transported to Queensland in early January, with physical and 
chemical properties of the soil and spoil analysed.  Soil materials from different 
bags were mixed and packed into appropriate metal inserts for the flume that 
allowed treatments to be applied to the materials and rainfall simulations 
repeated as necessary.  
 
 
 
 
Plate 5.1  Laboratory tilting flume apparatus and rainfall simulator at the Erosion 
Processes Laboratory, University of Queensland.  Source: So et al., 1998. 
 
Rainfall simulations and overland flow experiments were conducted on the 
following materials: 
•  fresh, unconsolidated topsoil – bulk density of 1.62 t/m
3 
•  fresh, uncompacted clay – bulk density of 1.46 t/m
3   116
•  clay compacted using a 1 x 0.1 m plate and a jackhammer to a bulk density 
of 1.8 t/m
3 – similar to the degree of compaction in the field 
•  topsoil consolidated using a 1 x 0.1 m plate and a jackhammer to a bulk 
density of 1.8 t/m
3  
•  topsoil covered by turbo-mulch – a blocky pine bark with a bulk density of 
0.302 t/m
3, and gravimetric water content of 55 %.  This was spread by hand 
to a depth of 5 cm over the topsoil. 
•  clay covered by turbo-mulch 
•  compacted clay and rock-pitch - consolidated from repeated wetting and 
drying 
•  topsoil and rice crop - one density/height level - around 1470 plants per 
flume grown to a height of 15 cm 
•  fresh, unconsolidated topsoil and rice seeds – used to assess seed loss 
•  fresh, uncompacted clay and rice seeds – used to assess seed loss 
•  topsoil and turbo-mulch and rice seeds – used to assess seed loss 
 
Rice was used as a vegetation cover, as the cereal rye used in the field at 
Worsley Alumina is not a summer growing species.  The rice used has a similar 
form and root morphology to the cereal rye.  Approximately 30 g of rice seeds 
were used per flume, based on an average of 49 seeds per gram.  
 
The rock-pitch used was hand-sorted with particles less than 10 cm in diameter 
used on the flume.  These were placed to a depth of around 20 cm above the 
surface of compacted clay already filling the tilting flume. 
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Several runs were done to assess seed loss from topsoil, clay and  mulch-on-
topsoil for a 20 % and 45 % slope.  Rice seed was selected for its availability 
and because it was representative of several of the native seeds applied to the 
field plots for size and shape.  The application of rice seed was as follows: 
Topsoil:    30 g of seed per replicate  
Clay:      30 g of seed per replicate 
Mulch-on-topsoil:  40 g of seed for replicate 1 
40 g of seed per slope for replicate 2 
 
The seed application for the mulch-on-topsoil runs was increased given the low 
seed wash collected in prior runs without mulch.  The re-application of seed for 
each slope for replicate 2 of the mulch-on-topsoil treatment was done because 
the schedule of filling flume inserts involved completely fresh materials for each 
mulched slope tested.   
 
Two replicates were run for each of the above treatments, and three for topsoil.  
They were tested at a slope of 10 % for around 30 minutes to simulate a 100 
mm/hour rainstorm on antecedent soil water conditions, to obtain a steady state 
flow, then at 5, 15, 20, 30 and 45 % slopes for around 15 minute exposures each 
to determine slope effect, then at a 20 % slope with overland flow at increasing 
rates of discharge to allow rill erodibility to be determined from the 
corresponding soil loss (Sheridan et al., 2000a). 
 
For the rock-pitch, the aim was to find a slope at which the rock-pitch failed, 
that is, slide down the slope over the clay base.  The run order for this was 
progressively increasing slopes in the sequence 5, 10, 15, 20, 30 and 45 %.  
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Each test run involved applying simulated rainfall and a selected slope to the 
tilting flume, and collecting the water and sediments running off the soil surface 
from a plastic collecting spout attached to the lower end of the tilting flume.  
The rainfall was sprayed under a pressure adjusted to 60 kPa in a longitudinally 
oscillating pattern from two nozzles lined up parallel to the flume bed.  This was 
determined to simulate a rainfall intensity of 100 mm/hr (Sheridan et al., 2000a).  
Time of collection ranged from 10 to 60 seconds, depending on the rate of runoff 
flow.  These samples were weighed and placed in a drying oven at around 90
oC 
for at least 24 hours to be reweighed for dry weight.  Samples were collected at 
fixed times from the commencement of simulated rainfall: 3, 5, 8, 12, 16, 20, 25, 
30, 35 and 40 minutes.  The first collection occurred at the first of these times 
when a continuous stream of runoff was coming from the collection spout.  The 
time of each run, or the last collection time, was variable as the run was stopped 
only when the last three sediment and runoff sample weights were within 10 % 
of each other.  “Steady state” was considered achieved at this point.  The mean 
of these three measurements are shown wherever a “steady state” measurement 
is graphed below.   
 
Following the simulated rainfall application, the flume was tilted to 20 %, and a 
reservoir partitioned at the upslope end of the flume was filled with deionised 
water at a fixed flow rate to generate overflow down the soil surface.  This 
overland flow was used to assess rill erosion.  A flow meter attached to the 
pump supplying water to the upslope reservoir quantified the flow rate.  A few 
drops of fluorescent dye were placed in the centre of the flow to measure flow 
velocity (Merten et al., 2001).  This measurement of velocity and the collection 
of samples as for the simulated rainfall runs were done at one-minute intervals.  
Four flow rates per flume insert, chosen according to the erosion behaviour   119
observed and ranging from 0.6 to 2.1 L/s, were applied, with three one-minute-
interval measurements taken per flow rate. 
 
Deionised water was used, except for the rice-on-topsoil runs, when from 5 
minutes into the 15 % slope run of the first replicate deionised water was 
unavailable.  Tap water with an electrical conductivity of 0.365 mS cm
-1 was 
used to complete the remaining runs. 
 
 
5.4  Results 
 
5.4.1  Tilting flume results 
 
Generally, high initial water content was associated with fast generation of 
runoff, or a lesser time for runoff to begin after rain application started (Figure 
5.1).  Comparing gravimetric water content with time for runoff commencement 
gave a correlation coefficient of –0.49 (n = 14).  The main exceptions to this 
relationship were the mulch-on-topsoil treatment, one replicate of mulch-on-
clay, and one replicate of clay, in which high water content occurred with slower 
runoff generation than other similarly moist materials.  In addition, one replicate 
of compacted clay had very low moisture and fast runoff generation.  If these 
exceptions are omitted, the correlation coefficient becomes –0.69  (n = 9). 
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Figure 5.1  Antecedent moisture content of each material tested, and the time taken for runoff to begin under each simulated 
 rainfall run on each material tested 
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Table 5.1  Bulk density and infiltration measured for each material tested in the 
tilting flume.  Infiltration shown is the difference between simulated rainfall rate 
and steady state runoff rate. 
 
 
MATERIAL BULK 
DENSITY 
(g/cm
3) 
INFILTRATION 
RATE  (mm/hr) 
Topsoil 1.62  59.4 
Topsoil – 20% and 45% slopes 
only 
1.62 57.7 
Mulch on Topsoil – 20% and 
45% slopes only 
0.302 48.7 
Clay 1.46  41.4 
Clay – 20% and 45% slopes 
only 
1.46 31.2 
Mulch on Clay – 20% and 45% 
slopes only 
0.302 33.0 
Consolidated Topsoil  1.8  24.5 
Compacted Clay  1.8  23.1 
Rock-pitch on Clay  1.73  63.8 
 
Increased gradient resulted in a significant change in steady state runoff from all 
of the treatments (mean 67.9% increase relative to the lowest runoff value 
observed, SE = 17.0), but a greater increase was observed in soil loss (mean 
2654% increase, SE = 1371).  For mulched surfaces, with only two slopes 
compared, the mean % changes for runoff and soil loss were 14.3% (SE = 8.12) 
and 95.4% (SE = 28.0) respectively.  The increase in slope was most effective in 
increasing soil loss from topsoil and from rice on topsoil, with overall 
percentage increases of 4524% and 8684% respectively.  Clay and compacted 
clay showed the greatest rates of change of soil loss with slope (Figure 5.2).  For 
most surfaces, there was a general maxima in runoff and minima or inversion in 
soil loss as slope increased to 20%, though this relationship is not certain given 
the high standard errors observed.  The exceptions were uncompacted clay, rice 
and rock-pitch treatments, where both runoff and soil loss peaked at a slope 
around 30-45%.   
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Compacted clay and consolidated topsoil produced the most runoff and soil loss, 
followed by clay and topsoil.  Clay had both higher runoff and soil loss than 
topsoil at all slopes.  The addition of mulch had no significant effect on runoff 
for topsoil or clay, but reduced soil loss from the underlying material.  Topsoil, 
clay, rice cover and mulch (soil loss only) showed the least variation between 
replicates (Figure 5.2). 
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(i)                                                                   (ii) 
 
Figure 5.2  Effect of slope gradient on i) mean steady state runoff, averaged over the 
final three runoff samples taken from the two replicate flume runs, and ii) average soil 
loss per minute, for materials tested in the tilting flume with simulated rainfall of 100 
mm/hr.  Vertical bars show standard error. 
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Rill formation did not occur until overland flow was applied to the soil surfaces 
(Figures 5.3 and 5.4).  The results show the relationship between increased 
runoff and increased soil loss.  Uncompacted materials showed a greater 
increase in soil loss with increased flow rate than compacted/consolidated 
materials, and also showed the greater soil loss for a given overland flow rate 
(Plates 5.2 and 5.3).   
 
Rill depth, width and length following overland flow were also greater for 
uncompacted materials (Figure 5.4).  Rill depth and width were well correlated 
(r
2 = 0.807), whereas rill length was not correlated with depth (r
2 = 0.587) or 
with width (r
2 = 0.232). 
 
 
 
 
 
Plate 5.2  Topsoil following 12 minutes of overland flow up to 108 L/min. 
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Plate 5.3  Consolidated topsoil following 12 minutes of overland flow up to 126 
L/min, showing less erosion than the fresh topsoil run (Plate 5.2) even at the 
higher maximum flow rate. 
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Figure 5.3  Effect of overland flow rate on soil loss for materials tested in the 
tilting flume with simulated rainfall of 100 mm/hr.  The flow rates and rill soil 
loss for each material tested were obtained from two replicates of each material. 
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Figure 5.4  Depth, width and length of rills formed for given soil types after 
overland flow applied to tilting flume inserts, to a maximum flow rate of 123 
L/min.  Vertical bars show standard errors. 
 
 
Flow rate and flow velocity during overland flow were well correlated.  The 
relationship between flow rate and soil loss was weakest for topsoil, and very 
weak for one replicate of compacted clay.  All correlations were positive except 
for this one replicate of compacted clay (Table 5.2). 
 
Table 5.2  Correlation coefficients (r
2) for relationships between flow rate (L/s), 
flow velocity (m/s) and soil loss (t/ha.min) during overland flow applied to a 20 
% slope. 
 
MATERIAL  REPLICATE FLOW RATE vs. 
VELOCITY 
FLOW RATE vs. 
SOIL LOSS 
VELOCITY vs. 
SOIL LOSS 
Topsoil  1 0.912 0.465 0.507 
 2 0.728 0.687 0.491 
Clay  1 0.830 0.646 0.530 
 2 0.811 0.790 0.508 
Consolidate
d topsoil 
1 0.802 0.748 0.474 
 2 0.883 0.807 0.829 
Compacted 
clay 
1 0.521 0.891 0.321 
  2  0.857  - 0.020   - 0.056 
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Seed loss with runoff decreased as slope increased.  The addition of mulch 
reduced seed loss to nil (Figure 5.5).   
 
 
Seed wash from topsoil, clay and a mulched surface under rainfall 
intensity of 100mm/hr at 20% and 45% slopes
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Figure 5.5  Loss of seed (40 g applied representing around 1960 seeds) placed 
on various materials at slopes of 20 and 45 % under simulated rainfall of 100 
mm/hr. 
 
 
For the rock-pitch testing, only minimal mass movement occurred, at 45 and 
55%.  Table 5.3 shows this loss, assuming a rock-pitch bulk density of 1.73 
g/cm
3 and depth of placement on the flume of 20 cm.  The lost material fell from 
the lower end of the flume.  No mass movement was observed during the 
overland flow run at the 20 % slope. 
 
It should be noted that the pressure of the rainfall simulator water fell from 60 
kPa to 30 kPa during the run of replicate 2 from the 20% slope onwards, because 
of a de-ionised water supply problem.  For this reason, when water supply was   127
restored, a third replicate of rock-pitch-on-clay was run at 45% slope using one 
of the previous replicate flume inserts, refilled with rock-pitch.  This was done 
to reduce the effects of antecedent moisture of the underlying clay. 
 
 
Table 5.3. Rock-pitch loss from compacted clay surface, under simulated rainfall 
of 100mm/hr. 
 
GRADIENT 
(%) 
REPLICATE ROCKPITCH  LOST 
IN 15 MINUTE RUN 
(kg) 
LOSS AS % OF 
TOTAL MASS ON 
FLUME 
45 1  2.74  0.33 
45 2  1.60  0.19 
45 3  0  0 
55 1  3.57  0.43 
 
 
5.4.2  Modelling results 
 
Soil properties are used in MINErosion to determine soil loss predictions.  Other 
factors being constant, MINErosion predicts soil loss based on assumptions that 
decreases in bulk density and decreases in infiltration rate increase soil loss 
(Sheridan and So, 1998).  The combined effects of these as calculated by 
MINErosion (Table 5.4) place the materials tested, in order of increasing 
predicted event soil loss, as follows: 
1) topsoil 
2) consolidated  topsoil 
3) clay 
4) compacted  clay 
for a 3 m long slope with a 10% or 20% gradient,  
and a 15 m long slope with a 10% gradient, and 
1) topsoil 
2) consolidated  topsoil   128
3) compacted  clay 
4) clay 
for a 3 m long slope with a 30% gradient,  
and a 15 m long slope with a 20% or 30% gradient. 
 
 
Table 5.4. MINErosion soil loss predictions, in t/ha, for a 30 minute 100 mm/hr 
rainfall event, at 3 m and 15 m slope lengths – tilting flume and maximum field 
plot lengths respectively – for different slopes angles for each material tested. 
SLOPE LENGTH AND GRADIENT 
3 m slope length  15 m slope length 
MATERIAL 
10 %  20 %  30 %  10 %  20 %  30 % 
Topsoil 5.2  8.9  13  5.6  11.8  20 
Consolidated topsoil  9.4  13.8  19  9.6  15.2  22.5 
Clay 10.1  16  26  10.7  20  36 
Compacted clay  12.5  18  24  12.8  19.5  28 
 
 
MINErosion event soil loss predictions did not relate well with laboratory tilting 
flume event soil loss results, with a correlation coefficient (r
2) of 0.27 and an 
efficiency (E) coefficient, defined in Section 5.2, of -11.9.  These are both 
unacceptably low (Yu et al., 2000). 
 
These MINErosion predictions of soil loss were used to calculate a MUSLE 
erodibility for each soil type (Table 5.5).  The materials in order of increasing 
erodibility were: 
1) consolidated  topsoil 
2) compacted  clay 
3) topsoil 
4) clay 
   129
Using tilting flume simulated rainfall data to calculate the MUSLE erodibility 
for each soil type (Table 5.5), the materials in order of increasing erodibility 
were: 
1) topsoil 
2) clay 
3) compacted  clay 
4) consolidated  topsoil 
 
 
Table 5.5.  MUSLE/RUSLE erodibility values calculated for each material 
tested using:   (i)  MINErosion predicted event soil losses, and  
(ii)  tilting flume total event soil losses.  
 
MATERIAL  MUSLE ERODIBILITY (t.sec
0.56/acre
1.56.feet
2.24)  
  (i) MINErosion  (ii) Tilting flume 
Consolidated topsoil  0.1296  0.5333 
Compacted clay  0.1642  0.2221 
Topsoil 0.2039  0.1079 
Clay 0.2350 0.1379 
 
 
RUSLE predictions of annual soil loss for ‘Best Previous Practice’, ‘Best 
Practice’ and ‘BP turbo then seed’ were calculated using data in Appendices 11 
and 12.  The only RUSLE modelling situations that were considered acceptable 
predictors of observed erosion in terms of correlation, with r
2 > 0.89 (Yu et al., 
2000), used erodibility derived from laboratory tilting flume experiments 
(Figures 5.6 and 5.7).  The predicted values for ‘Best Previous Practice and 
‘Best Practice’ overestimated soil loss by a factor of up to 46 using and 9 using 
trough field data.  Predicted values for ‘BP turbo then seed’, shown on Figure 
5.7, underestimated soil loss by a factor of 6.  These predictions were 
unacceptably inaccurate (Yu et al., 2000) as shown by the negative efficiency 
(E) coefficients.   130
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 (i)                                                               (ii) 
 
Figure 5.6  Comparison of RUSLE annual soil loss predictions with field sump data.  
Prediction calculations used (i) MUSLE-erodibility derived from MINErosion event 
soil loss predictions, and (ii) MUSLE-erodibility derived from laboratory tilting flume 
event soil loss results.  The bold straight line shows the linear trendline.  
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 (i)                                                               (ii) 
 
Figure 5.7  Comparison of RUSLE annual soil loss predictions with field 
trough/tipping bucket data.  Prediction calculations used (i) MUSLE-erodibility 
derived from MINErosion event soil loss predictions, and (ii) MUSLE-erodibility 
derived from laboratory tilting flume event soil loss results.  The bold straight line 
shows the linear trendline.  
 
Using RUSLE and the erodibility determined from the laboratory tilting flume 
experiments, correction factors were applied to predictions to calibrate the 
model to field observations varied between treatments.  These correction factors 
varied between treatments and the time period over which observations were 
made (Table 5.7).    
r
2=0.66 
E=-5660 
r
2=0.82 
E=-105 
r
2=0.9
E=-14229
r
2=1.00
E=-156  131
 
 
Table 5.7  Correction factors applied to RUSLE soil loss predictions for field 
treatments.  These predictions were made using erodibility determined from the 
laboratory tiliting flume experiments. 
 
OBSERVED DATA USED 
FOR COMPARISON 
‘Best 
Previous 
Practice’ 
‘Best 
Practice’ 
‘BP turbo 
then seed’ 
Field sumps – Aug-00 to 
Jul-01 
0.022 0.039 - 
Field sumps – Sep-01 to 
Jun-02 
0.031 0.036 - 
Field troughs and tipping 
buckets 
0.11 0.14 6.06 
 
 
To further explore the relationship between model predictions and field data, 
calculations were done using RUSLE and the erodibility determined from the 
laboratory tilting flume experiments to compare soil loss predictions from the 
materials used in the tilting flume experiments with observed soil loss in the 
field.  Bare, unconsolidated topsoil was considered to correspond with ‘Best 
Practice’, compacted clay was considered to correspond with ‘Best Previous 
Practice’, and topsoil-with-turbo-mulch was considered to correspond with ‘BP 
turbo then seed’.  An ‘observed’ soil loss was also determined for ‘BP steeper’ 
in the same proportion to ‘Best Practice’ as rill soil movement results (Figure 
3.15).  To simplify calculations, was also assumed that EI was distributed evenly 
throughout the year, that surface roughness was similar to a clean-tilled field 
with only moderate intensity rainfall as a disturbance that would affect 
roughness, that antecedent soil moisture was near field capacity and that there 
was no vegetation cover.  Correction factors required to calibrate the model 
predictions to field observations were similar regardless of slope or degree of 
compaction, varying mostly for the turbo-mulched surface (Table 5.8).   
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Table 5.8  Correction factors applied to RUSLE soil loss predictions for 
materials tested in the laboratory tilting flume.  These predictions were made 
using erodibility determined from the laboratory tiliting flume experiments. 
 
OBSERVED 
DATA USED 
FOR 
COMPARISON 
Bare surface, 
fresh material 
Bare surface, 
consolidated 
material 
Bare surface, 
fresh material, 
increased 
gradient 
Turbo-
mulched 
surface, no 
vegetation 
Field sumps – 
mean 
0.016 0.016 0.022 0.0004 
Field troughs 
and tipping 
buckets 
0.039 0.063 0.055 0.028 
 
 
5.5  Discussion 
 
5.5.1 Runoff and soil loss relationships 
 
Two replicates were considered sufficient given the relative homogeneity of the 
soil samples tested and because of the controlled or less variable nature of a 
laboratory flume study.  Hence, while time and funding constraints restricted the 
number of replicates, this should not invalidate the results or conclusions.   
 
It was considered unnecessary to test multiple layers of materials in the flume 
such as topsoil over a clay layer, even though such profiles occur in the field.  
The simulated rainfall was 100 mm/hr for up to 30 minutes, at which time the 
soil would still not be saturated to its full depth of 150 mm.  Hence, over a 30 
minute test period, underlying materials would not have any influence on runoff.  
Rainfall need only exceed the infiltration rate for runoff to occur, and this 
condition was satisfied on all materials tested within 30 minutes. 
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The runoff from a slope is dependent on the rainfall and infiltration rates 
(Kinnell, 1995).  It should, therefore, be the same for each slope tested for a 
particular material.  The main factor that varies on a material’s surface for 
different slopes is the velocity of the runoff (FitzHugh and Mackay, 2001), and 
this must therefore account for the changing soil loss with slope.  This was seen 
in the tilting flume results in the relatively small slope effect on runoff, but the 
larger soil loss occurring at higher slopes.  Similarly in the overland flow runs, 
increased soil loss was associated with increased run-on velocity and flow rate.   
 
The effect of increased runoff velocity with slope becomes more evident on 
treatments that generate or concentrate more runoff.  It was noted that the 
greatest rates of change of soil loss with slope occurred for clay and compacted 
clay.  With consolidated topsoil, these were also the treatments that generated 
the most runoff and experienced the greatest soil loss under simulated rainfall.  
Rice on topsoil – with clumps of vegetation possibly concentrating runoff flow 
(Lawer, 2000) – also showed a similarly high rate of change of soil loss with 
slope.  Why a high rate of change was also observed for topsoil is not known.    
 
The lower correlation between flow velocity and soil loss than between flow rate 
and soil loss reflects more the accuracy of the measurement methods than the 
actual relationship between runoff velocity and soil loss.  Locating the exact 
position of the dye plume used to track flow and stopping the stopwatch at the 
precise moment the dye travels a fixed distant is more problematic than reading 
from a flow meter.  Also, there is the problem of identifying a flow path that best 
represents average velocity over the whole width and depth of the stream or 
flume.  This is a problem that some (Merten et al., 2001) have tried to solve by 
applying correction factors to a given flow path velocity, such as the velocity   134
measured at the surface in the centre of a stream or flume flow, to obtain an 
estimate of average velocity for the whole width and depth of the stream or 
flume at that point. 
 
If as slope increases, runoff velocity increases, then the cross sectional area or 
depth of runoff with a constant flow rate must decrease (FitzHugh and Mackay, 
2001).  This has implications for the effect of raindrop splash on soil detachment 
and soil loss.  A surface seal on the soil is produced by a period of raindrop 
impact (Shainberg and Levy, 1996), which reduces infiltration (Ruan et al., 
2001) and increases runoff.  The runoff then creates an absorption layer, 
protecting the soil from further raindrop impact (Rose, 1985).  At higher slopes, 
however, this layer becomes thin enough for the raindrops to break up the 
surface seal, increasing permeability and reducing runoff.  This may explain the 
peak in runoff around the 20 % slope and the subsequent decrease seen at 45 % 
slope for all treatments (Bing So, pers. comm., 2001).  The associated decrease 
in soil loss around the 20 % slope suggests that the surface seal formation may 
also increase soil compaction and resistance to erosion to some extent.  The 
differing behaviour of uncompacted clay, rice and rock-pitch, where both runoff 
and soil loss peaked at a slope around 30-45 %, suggests that these materials are 
not subject to surface seal to the extent of the other materials tested.  There was 
evidence from the overland flow investigations that the surface seal formation 
may be less or broken during the higher flow rates because, unlike the rainfall 
simulations, increased flow rates on a 20 % slope were associated with increased 
soil loss.  Therefore, the effects of increasing slope on soil loss were shown to be 
complex depending on the extent to which a material forms a surface seal under 
raindrop impact, and the presence or absence of overland flow.  
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It might be expected that soil of lower bulk density, with lighter or more loosely 
bound soil particles, would be more subject to erosion (Sheridan and So, 1998).  
This was observed in this study during the overland flow runs, when 
unconsolidated/uncompacted materials were eroded more than higher bulk 
density consolidated/compacted materials for a given flow rate, or with a 
constant erosive force applied.  Greater vulnerability to erosion also produced a 
greater proportionate increase in soil loss with increased overland flow for 
unconsolidated/uncompacted materials.  When simulated rainfall was applied, 
however, overland flow or runoff varied according to the infiltration rate of the 
soil.  Compacted materials had a lower infiltration rate and produced more 
runoff.  Even though compacted materials were more resistant to erosion, this 
did not compensate for the increased runoff, so increased soil loss resulted.   
Also, runoff and soil loss were higher for the lower bulk density clay compared 
with topsoil during the simulated rainfall, and at the higher overland flow rates.  
The clay was a material with a lower bulk density and a lower infiltration rate 
than topsoil, making it both more susceptible to erosion and to erosive runoff 
production.  These results are supported by another study of a low-plasticity clay 
soil in the field and laboratory (Lentz et al., 1990).  Generally, clay soils are 
more resistant to erosion (Toy et al., 1999), and heavy clays can have a blocky, 
open structure that allows rapid macropore flow (Stevens et al., 1999) and lower 
runoff generation.  This, however, would not apply to the Worsley Refinery 
batters given the compacted nature of the underlying batter clay and may not 
apply to clay with an apedal nature, such as disturbed minesite soil materials.  
Materials with less pedality and smaller conducting pores allow downward 
moving water to produce a greater negative pressure, compacting the soil, 
reducing infiltration and increasing runoff and erosion (Sirjacobs et al., 2000; 
Sirjacobs et al., 2001).   136
 
The balance between increased erosion resistance and lower permeability and 
greater runoff generation also applies to soils with a surface seal, algal seal and, 
as has been suggested by a previous study (Lawer, 2000), higher antecedent 
moisture in soils.  It was observed that low soil loss resulted both from surfaces 
with relatively high moisture content, such as turbo-mulch, as well as surfaces 
with relatively low moisture content, such as one replicate each of clay and 
compacted clay.  Thus, treatment factors may be more significant than 
antecedent moisture.  For example, protection against raindrop impact by the 
turbo-mulch was effective in reducing soil detachment and surface sealing and, 
therefore, interill erosion.  Increased compaction rather than increased 
antecedent moisture content probably accounted for the increased runoff and 
erosion from consolidated topsoil compared with topsoil.  However, antecedent 
moisture content was probably still affecting runoff, given that runoff increases 
as soil becomes more saturated (Sirjacobs et al., 2001), but this influence may 
have been overwhelmed in the present study by other factors such as those just 
mentioned. 
 
 
 
 
 
 
5.5.2  Mulch and vegetation 
 
Soil covers such as mulch, plant foliage and rock-pitch reduce raindrop impact 
that causes soil detachment and loss.  Turbo-mulch reduced soil loss while not   137
significantly affecting infiltration or runoff, suggesting that its strength in 
erosion prevention is its ability to physically hold the soil and reduce raindrop 
impact detachment of soil.  The same results and conclusion were found by 
Singer et al. (1981).  Mulch may increase soil infiltration by reducing raindrop 
impact and surface sealing, but it may also decrease water reaching the soil 
surface so that it runs off after saturation of the turbo-mulch instead, so the net 
effect on runoff flow is negligible.  Despite its high initial moisture content, the 
mulch did delay the onset of runoff production at the start of the runs, suggesting 
that it also has high water storage capacity.  Rock-pitch also provides increased 
water storage to reduce runoff generation, and also physically holds soil in 
place, reducing soil loss.   
 
Vegetation can affect runoff and soil loss in several ways.  The results of the 
vegetation runs in this study contradicted comments by Stocking (1994), that 
plant roots generally improved soil permeability and reduced runoff generation, 
and were opposite to results observed by De Ploey et al. (1976), that grass cover 
can result in increased soil erosion compared with bare soil at slopes higher than 
14 %.  In this study, increased runoff production with reduced soil loss occurred 
with the addition of vegetation.  This particularly occurred at higher gradients, 
though this may have been because masking tape was used on the flume runoff 
collector at 5 % and 10 % slopes of replicate two.  This tape was meant to 
increase the seal between the flume and the runoff collector to prevent runoff 
leakage, but may have inhibited flow instead.  The higher runoff observed with 
the presence of vegetation may be a result of rainfall being channelled or 
concentrated between plant stems or clusters of stems, reducing soil-water 
contact time.  Reduced soil-water contact time reduces the opportunity for 
infiltration and water transition between soil horizons (Stevens et al., 1999).    138
Where vegetation was found to reduce erosion in this study, roots may have 
physically held the soil in position, or roots and foliage intercepted runoff and 
sediments from upslope (Stocking, 1994).  Increasing surface roughness may 
also have provided a boundary layer of reduced flow velocities near the surface 
(Sterk, 2000) that protected the soil surface from erosion.  A study by De Ploey 
et al. (1976) found, for the species they studied, that increased surface roughness 
or interrupted flow by plant material may increase erosive turbulent eddies in 
runoff, a process that particularly operated at higher slopes.  The energy in 
turbulent eddies in runoff is comparable to that in rainfall splash, particularly 
when concentrated in rills.  This turbulence depends on velocity and depth of 
runoff, and surface roughness (Brooks et al., 1991).  The results of this study, 
however, showed that any increase in runoff turbulence associated with the 
presence of vegetation was not significant for the topsoil tested.  Vegetation 
generally stabilises the soil by intercepting rainfall and absorbing its kinetic 
energy (Stocking, 1994).  In the longer term, plants take up water, reducing 
erosive runoff generation by reducing antecedent soil water content.  This uptake 
exceeds any tendency for increased water retention that may occur from foliage 
shading the soil and restricting evaporation (Stephenson and Schuster, 1945).   
 
 
 
5.5.3  Effects of slope on seed wash 
 
The loss of seed downslope would be detrimental to the establishment of 
vegetation and its effect on erosion reduction.  The results of these experiments 
show that the use of turbo-mulch can reduce detrimental seed loss.  One reason 
seed loss was greater at 20 % slope than 45 % may be that the seeds were better   139
able to float off the slope on the deeper surface runoff at lower slopes.  Because 
no more than 5 of the 1960 seeds placed on the flume treatments were lost at the 
20 % slope, there were plenty of seeds remaining for the 45 % slope test. 
 
The rice seed used was selected as an average of that applied to the plots in 
terms of size and weight.  Therefore, it may not represent the behaviour of all 
seed used in the field.  Further study of seed density will be required to 
determine whether or not specific species will be lost at higher or lower slope 
gradients, shown to be significant in this experiment. 
  
 
5.5.4  Effectiveness of rock-pitch 
 
The rock-pitching had a longitudinally convex shape in the flume to allow a 
depth of rock-pitch comparable to the field to be placed on the compacted clay 
surface.  The main purpose of testing rock-pitch in the flume was to find the 
maximum slope before downwards slipping of the rock-pitch on the clay surface 
occurred.  It was considered that a weight of rock-pitch material above the clay 
comparable to the field would be needed to test this. 
 
Generally, the results show that rock-pitching is a useful material for erosion 
reduction.  The rock particles possibly act as a filter or as a sediment trap.  This 
study showed no significant failure or slippage of rock-pitch along the interface 
of the compacted clay substrate used in the field, at slopes up to 55 % under 100 
mm/hr intensity simulated rainfall.  The lower sediment loss and rock-pitch mass 
movement observed at slopes greater than 20 % may be a result of the 
aforementioned reduction of the pressure of the rainfall simulator water during   140
one replicate (Section 5.4.1).  This does not detract from the assertion that rock-
pitch was stable on a clay slope given that the third replicate at 45 %, run when 
water pressure was restored, showed no mass movement of rock-pitch material. 
The minor mass movement of rock-pitch during the overland flow run may be 
related to the loss of around 250-300 mL/sec of run-on to the sides of the flume 
because of the convex surface of the rock.  However, this run-on loss was 
reduced by manually shifting some rocks for the overland flow run, and was 
reduced at higher slopes during the slope effect runs.  An average of 10 mL/sec 
was lost to the sides at the higher slopes.   
 
 
5.5.5  Modelling soil loss 
 
MINErosion may not be the most appropriate model for the materials used at 
Worsley Refinery based on the modelling results (r
2 = 0.27 and E = -11.9) and 
the nature of the model, which was developed for fresh, unconsolidated 
materials (Sheridan et al., 2000a).  The MINErosion model appropriately 
reflected the effect of compaction on soil loss under varying slope lengths and 
gradients, but did not accurately show the degree to which these effects were 
expressed in soil loss for the materials from the Worsley Refinery, or for 
materials compacted to the extent occurring in the flume tests and at the Worsley 
Refinery.  This was shown by the MINErosion results that suggest that clay 
becomes more susceptible to erosion than compacted clay when gradient 
exceeds 20-30 % on a 3 m long slope, or when gradient exceeds 10-20 % on a 
15 m long slope.  These represent situations of relatively higher runoff velocity 
and erosivity (FitzHugh and Mackay, 2001).  The laboratory tilting flume results 
also showed that clay became more susceptible to erosion than compacted clay   141
under conditions of higher runoff velocity and erosivity, as occurred during the 
overland flow runs compared with the simulated rainfall runs.  However, unlike 
the tilting flume results (Figure 5.2), MINErosion predictions primarily 
differentiated between topsoil and clay, with degree of compaction having a 
lesser effect.   
 
A sensitivity analysis (Appendix 10) indicated that the predicted event soil loss 
using MINErosion varied the most with changes in pH, bulk density and 
infiltration.  The model predicted decreased soil loss with both increased bulk 
density and increased infiltration.  This was appropriate for comparing fresh, 
unconsolidated topsoil and clay, with both bulk density and infiltration higher 
for topsoil than for clay.  However, bulk density increased and infiltration 
decreased upon consolidation/compaction, which had opposing effects on soil 
loss prediction (Appendix 10).  Inadequate description of the degree to which 
these two significant factors used affect MINErosion predictions for 
consolidated/compacted materials may have contributed to the poor predictivity 
of the MINErosion model in this study. 
 
The MUSLE model was more appropriate for the materials tested in this study, 
given that erodibility calculations using MUSLE model placed more emphasis 
on infiltration rate through runoff parameters (Williams, 1975).  The 
significantly different infiltration rates between compacted and uncompacted 
materials was expected and found to be reflected in predicted soil losses.  These 
differences were observed in the simulated rainfall and overland flow runs on 
the laboratory tilting flume.    
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MUSLE-derived erodibilities using MINErosion predictions placed materials in 
the same order of increasing erodibility as the order of increased soil loss 
observed in the overland flow runs on the tilting flume.  However, MUSLE-
derived erodibilities using observed laboratory tilting flume soil losses were in a 
similar order of increasing erodibility as the order of increased soil loss observed 
in the simulated rainfall run on the tilting flume.  This makes sense since 
MINErosion considers both rill and interill erosion, whereas the laboratory 
tilting flume tests under simulated rainfall produced only interill erosion.  This 
may not always be the case for laboratory flume tests, depending on the 
soil/spoil materials tested, and determining which model is more useful for a 
given situation requires a comparison of model predictions and field data. 
 
The best relationship between RUSLE annual soil loss predictions and field data 
occurred with the use of MUSLE-erodibilities derived from laboratory tilting 
flume data.  The predicted and observed soil losses were well correlated but 
showed an unsatisfactory coefficient of efficiency, E, with soil loss either 
overestimated or underestimated.  RUSLE therefore requires calibration to 
adequately predict soil loss for the Western Australian mine-site materials used 
in this study. 
 
The strong correlation between predicted and observed soil losses suggests that 
calibration of the model involves modification of predictions by a factor 
common to ‘Best Previous Practice’, ‘Best Practice’ and ‘BP turbo then seed’.  
This suggests modifying either rainfall erosivity (R) or the length-slope (LS) 
factor.  However, correction factors applied to calibrate the model differed 
between treatments, showing that at least two factors need modification.  When 
vegetation and rainfall variability were not considered, these differences   143
between correction factors were reduced for treatments other than ‘BP turbo 
then seed’.  This suggests that erodibility (K) and LS-factors adequately model 
the situation, and that calibration of R, C and/or P is needed.  The K values 
obtained in MUSLE were acceptable as being greater than 0.08, which is 
considered a lower limit for mined land and construction sites (Renard et al., 
1994a).   
 
Published values of K (Loch et al.,1998) have been found to be significantly 
lower than those obtained in this study.  However, these were calculated using 
USLE rather than MUSLE, and K is defined according to the model used.  Also, 
while runoff generation, sediment transport and erodibility are strongly related 
to the size distribution of soil particles after wetting, other soil properties used to 
predict erodibility do not constantly relate to this size distribution – they vary 
with soil type (e.g. tropical vs. clay subsoil vs. silty vs. agricultural) and 
therefore predict K unreliably.  More reliable estimates of K would be obtained 
by directly measuring size distribution.  Loch et al. (1998) used field and 
laboratory data to find the best equation that estimated K factors on the basis of 
size distribution and density of soil particle after wetting.  However, they still 
used these equations rather than direct measurements to produce K values to be 
compared with other estimation techniques, which may not apply to the 
materials used at Worsley.  The novel nature of the turbo-mulch and rock-pitch 
combinations and their observed effects show that caution is required when 
comparing field results with previously established results in the literature. 
 
Alternatively, even if actual erodibility were similar to published values, this 
may further suggest that other modelling parameters require modification. 
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The most contention and research has been directed at improving the 
determination of erosivity, R, and the optimisation of factors such as runoff, 
erosivity and hydraulic conductivity parameters has been shown to improve 
model predictions (Kinnell and Risse, 1998; Schaap et al., 2000).  Hudson 
(1995) gathered data that shows that as rainfall intensity increases, the raindrop 
kinetic energy per mm of rain increases by decreasing increments until it 
remains relatively constant.  This occurs as rainfall increases beyond 70-100 
mm/hr (depending on the study), and this was the reason an intensity of 100 
mm/hr was chosen for the tilting flume tests of this study.  The laboratory tilting 
flume and rainfall simulator study of Lawer (2000), however, produced 
continually increasing soil loss with rainfall intensities above 70-100 mm/hr, 
suggesting either a change in soil erodibility or rainfall erosivity.  Lawer (2000) 
found that EI30 underestimated rainfall erosivity at intensities greater than 70 
mm/hr.  If the EI30 erosivity factor used in USLE/RUSLE/MUSLE is considered, 
and if kinetic energy, ‘E’, remains constant at intensities higher than 70 mm/hr, 
then the soil loss increase must be reflected by an increased intensity, ‘I30’ 
factor.  Rainfall intensity has been found to be the most significant factor 
affecting soil loss out of 57 parameters tested, including land use, topology and 
erodibility factors (Mahmoudzadeh, 2000).  Uson and Ramos (2001) found that 
EI5 gave better predictions of soil loss than EI30 for a Mediterranean climate, 
where rainfall tends to consist of high intensity bursts falling for less than 30 
minutes.  Williams (1975), Renard et al. (1994b) and Kinnell and Risse (1998) 
suggest that runoff is a more accurate parameter for assessing soil loss than 
rainfall.  However, the relatively greater increase in soil loss compared with EI30 
at higher rainfall intensities may be a result of EI30 not adequately reflecting the 
effect of rainfall and seasonality on soil erodibility.  Soil erodibility has been 
shown to change over time and seasonally (Renard et al., 1994a).  This may   145
occur, for example, as a result of soil structure or shear stresses applied by 
runoff changing under differing rainfall intensities.  The computer programme of 
RUSLE for the United States takes this into account by weighting erodibility 
according to the EI30 for twice-monthly intervals (Renard et al., 1994a).  Perhaps 
weighting erodibility according to an alternative index such as EI5 or using 
erosivity indices such as that presented by Kinnell (1995), that vary according to 
factors similarly affecting erodibility, may improve soil loss predictions.   
 
Given that overprediction of soil loss on ‘Best Previous Practice’ and ‘Best 
Practice’, and underprediction of soil loss on ‘BP turbo then seed’ occurred 
using RUSLE, calibration of other factors might be considered.  Modification of 
C and P probably does not involve sub-factors relating to vegetation canopy 
cover, rather to groundcover or turbo-mulch properties.  Errors in the C factor 
will result in equal errors in predicted soil loss given the multiplicative nature of 
the RUSLE model.  The C factor used in RUSLE varies strongly from a very 
low 0.0005 for continuous grass/hay residue cover to 0.5 for continuous row 
crops (Ouyang, 2000).  The type of mulch used in the field is not considered in 
the RUSLE model (Renard et al., 1997), requiring the allocation of an 
appropriate C factor.  The rock-pitching material used is also not defined in 
RUSLE, with its possible effects on the P factor through modifying surface 
roughness and sub-surface drainage.  Determining appropriate values of C for 
mulch and P for rock-pitch requires experimentation under more uniform 
conditions than occurred for the Worsley field plots. 
  
The less negative E coefficients for RUSLE predictions compared with trough 
soil loss results rather than sump soil loss results simply reflected the higher 
trough results compared to the sump results.  This raises the question of whether   146
sump or flume data is more reliable.  Given that differences in runoff collected 
between half-sumps located on the same plot occurred, and the greater risk of 
structural failure associated with the larger sumps that collect rather than just 
intercept runoff, trough/tipping bucket data would be favoured.  
 
MINErosion can predict the effects of increased runoff velocity on soil loss for 
different materials, but not accurately quantify soil loss for the 
consolidated/compacted materials used at the Worsley Refinery in Western 
Australia.  MUSLE and RUSLE are useful models for predicting relative soil 
loss differences between different surface treatments under the Western 
Australian conditions of the study site, but further experimentation is required to 
quantify the effects of turbo-mulch and rock-pitch on soil loss to allow more 
accurate, absolute predictions of annual soil loss.  There is also scope for further 
research testing the effects of varying the erosivity parameter to improve model 
predictions.  
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Chapter 6  General Discussion – Relating Laboratory 
Measurements and Simulations to Field Erosion and 
Vegetation Growth 
 
6.1  Reducing soil loss 
 
Bare clay batter embankments would not be acceptable as a final land surface 
for aesthetic reasons as well as erosion risk.  On-site assessments also suggest 
that some improvement is required to the ‘Best Previous Practice’.  This was 
supported by the field rill observations of ‘Best Previous Practice’, where the 
compacted clay layer was covered only by topsoil and hydro-mulch, by the 
laboratory flume tests on the clay, and by the relatively high predicted soil loss   148
from the compacted clay compared with uncompacted clay or topsoil.   
Compacted soil is more susceptible to runoff production, and the increased 
resistance to detachment produced by compaction (Lentz et al., 1990) of the 
field clay used in this study was not sufficient to counteract the increased runoff.  
Using topsoil directly above the compacted clay is also problematic, given that 
the presence of a relatively impermeable soil layer below a more permeable soil 
layer tends to increase erosion of the more permeable layer (Cruse et al., 2001).   
 
 
 
 
 
 
Using rock-pitch above the clay surface may reduce erosion.  Whether or not 
topsoil and/or rock-pitch are required depends on the long term performance of 
the rock-pitch material.  There are two recommended options: 
1)  Rock-pitch alone, no vegetation. 
2)  Rock-pitch with vegetation, requiring addition of topsoil and turbo-
mulch. 
 
In the field, negligible rilling was observed on the bare rock-pitch at either 
gradient studied.  There is no compelling case for reducing slope gradient based 
on this field result and on the laboratory tilting flume results, which showed that 
rock-pitch mass-movement was acceptably low even at slopes around 55% – the 
maximum slope found on the field plots.   
   149
Both rock-pitching and turbo-mulch protected the soil from interill and rill 
erosion.  The flume data suggests that they do not merely provide larger particles 
to maintain the slope shape – which might explain the low rill erosion observed 
– while covering up erosion of smaller particles.  Tilting flume results showed 
that soil loss was reduced by turbo-mulch by a factor of 6 for topsoil and 10 for 
clay.  Rock-pitch reduced soil loss of clay by a factor of 5.  Adding turbo-mulch, 
therefore, may be the better option.  However, the long term stability of turbo-
mulch is not assured given the relatively short duration of this study trial, and 
the susceptibility of the mulch to fire and decomposition.  It has been suggested 
that gravel or stone mulches may be better than long-fibre materials at 
controlling erosion in the long term (Toy et al., 1999).  Rock-pitch was 
important for reducing the risk of erosion during the early stages of vegetation 
establishment.  Rock-pitch is also a useful risk management strategy in the event 
of fire or senescence reducing the effectiveness of vegetation as a soil protector 
and stabiliser.   
   
 
Vegetation cover has been shown in the laboratory flume trials (Figure 5.2) to 
reduce soil loss of the topsoil used in the field at slopes around 30 %, and may 
partly account for the lower soil loss measured in the field compared with 
uncalibrated modelling results.  Soil loss at other slopes was similar in the 
laboratory flume trials for topsoil with and without vegetation.  However, the 
observation that this occurred even when vegetation resulted in increased runoff 
suggests that, provided runoff can be adequately managed, vegetation has soil 
stabilising benefits.  Vegetation provides a mechanism for continuous 
regeneration of a mulch layer, with its associated soil erosion protection.   
Increased vegetation cover and ecosystem establishment have been found to   150
reduce soil erosion for several reasons (Cruse et al., 2001; Roberts, 1992; 
Steiner  et al., 2000; Unger, 1996).  The production of litter with time can 
improve soil stability by reducing its rate of wetting.  Reducing a soil’s rate of 
wetting reduces the occurrence of slaking, whereby the compression of soil air 
as water enters the soil disrupts soil aggregates and reduces stability (Chenu et 
al., 2000).  Mulch and vegetation intercept raindrops, which reduces surface 
sealing and the associated infiltration decrease, decreasing erosive runoff 
production (Ruan et al., 2001).  A modelling study overestimated soil erosion by 
not considering how vegetation and ecosystem development ameliorate the 
initial site conditions (Evans, 2000).  It must be noted that too much organic 
matter, especially in sandy soils, can increase water repellence to the extent that 
increased runoff production can occur (Chenu et al., 2000), negating the 
effectiveness of organic matter on erosion prevention.  This is an atypical result.  
In a long-term catchment study, vegetation canopy or basal cover alone did not 
significantly affect sediment transport, though factors that might be affected by 
vegetation such as permeability, soil chemistry or aggregation were not 
considered (Moir et al., 2000).   
 
 
6.2  Developing an improved revegetation prescription 
 
For improved establishment of vegetation, maximising the range of species 
included in the seed mix was shown to be successful.  Given the under-
representation of monocotyledons that established on the field plots, future seed 
mixes should include either more monocotyledon species or pre-treatment of 
seeds by, for example, scarification, boiling or heat/cold treatment to increase 
their recruitment (Bell et al., 1993).  There was no conclusive requirement for   151
increasing the seed rate above 2.5 kg/ha or the fertiliser rate above 400 kg/ha.  
This was shown relative to ‘Best Practice’, but further trials may be required to 
optimise seed and fertiliser rates on turbo-mulched surfaces. 
 
Ways to improve vegetation establishment include the use of topsoil and turbo-
mulch.  Turbo-mulch retained seed better than bare soil (Figure 5.5).  It also 
discouraged weed growth (Figure 4.5), which is beneficial in terms of allowing 
maximum native plant diversity, stability and aesthetic qualities.  Slope gradient 
should be reduced as much as possible, based on the laboratory tilting flume 
results.  These showed that increased slope is associated with increased soil loss.  
The field results showed no significant effect of slope on topsoil erosion, though 
lower vegetation establishment was observed on the steeper slopes.  One 
hundred % vegetation cover need not be the management aim.  A review of 
literature and research by Stocking (1994) indicates a curvilinear plant cover-to-
erosion relationship, with little reduction in soil erosion as cover increases from 
60 to 100 %.  Many of the effects of vegetation on erosion represent positive 
feedbacks, in turn improving the conditions for vegetation establishment 
(Stocking, 1994).  
 
The seed mix requires some modification.  Kennedia nigricans produced cover 
approaching 100 %, with exceptional leaf size.  This leads to a recommendation 
that this species be included in the new seed mix in greatly reduced seed 
numbers, if at all.  Although excellent ground cover is beneficial for erosion 
reduction, this cover also needs to be maintained.  There is a risk that the 
dominance of Kennedia nigricans will reduce the survival and diversity of other 
species.  Such diversity is required in the context of plant mortality by fire, 
where the range of reproductive regimes – time of seeding and sprouting, age of   152
reproductive maturity – and strategies – such as re-seeding and re-sprouting – 
should be maximised to allow greater continuity of cover over time. 
 
Some general recommendations for native revegetation include maximising 
initial diversity, maintaining and planting nursery stock, and the use of freshly 
removed topsoil and inoculation with mycorrhizal fungi.  Western Australian 
ecosystem function and development are controlled for many years by the 
species established initially (Bell et al., 1993).  Fresh topsoil helps to contribute 
to this diversity through the soil seed bank and the occurrence of soil microbes 
that support nutrient cycling.  For example, Orchidaceae species may appear 5-
10 years after vegetation establishment with the appearance of mycorrhizal fungi 
in the soil (Bell et al., 1993).  Innoculation with such microbes may be an option 
where fresh topsoil is not available. 
 
 
6.3  Prediction of rilling and soil loss in the field 
 
Prediction of the loss of soil for a given treatment and trying to assess the 
acceptability of that loss has limitations.  A soil loss or gain of around 480 t/ha 
in 10 months, estimated from the erosion pin outliers, was excessively high 
given the tilting flume soil loss data and model predictions (Table 6.3).  It 
reflects the many variables in the field that can affect soil loss that cannot be 
accounted for in controlled studies and in a modelling situation.  All soil loss 
predictions represent are the most probable occurrence given a sub-sample of 
known, measurable site conditions.  
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The rill volume ‘soil loss’ shown in Table 6.3 is a measure of soil detachment, 
while the erosion pin ‘soil loss’ indicates the transportation of soil downslope.  
These measures of soil erosion indicate the susceptibility of a soil to erosion 
through the mass of soil detached and transported, whether or not it leaves the 
slope.  The sump and trough measuring devices provide an estimate of the mass 
of soil transported from the slope.  
 
In the laboratory, it was overland flow rather than rainfall simulation that 
generated rill formation.  This suggests that run-on from roadways or flow 
concentration was the main cause of rill production observed in the field.  Such 
concentration in the field may be the result of rock-pitch crevices, or in the case 
of Best Previous Practice, the result of soil loosening and pitting resulting from 
the rock-pitch removal prior to treatment set-up.  It may also reflect uneven 
initial compaction of the clay. 
 
Given the great variability of rill patterns with time in the field, either soil loss 
was not concentrated in rills or, it was concentrated in rills but interill erosion 
was sufficiently high to change the position of the concentrated soil loss, or rills.  
The MINErosion model (Sheridan and So, 1998) showed that rill erosion did 
exceed interill erosion for the slope gradient, length and soil characteristics 
experienced in the field. 
 
Laboratory tilting flume overland flow produced rills that were wider and deeper 
downslope.  This, and the greater occurrence of rilling at the base of the field 
plots, meant that it was reasonable to assume that most erosion would occur at 
the slope base.  However, this applied only to rill erosion.  The erosion pin 
results showed that this was not necessarily the case for sheet erosion.   154
 
Using the MINErosion single rainfall event model, event soil loss was found to 
be highest for clay compared with topsoil, with compaction having relatively 
little effect on soil loss.  This contradicts what was observed in the tilting flume 
results, with compaction having the greater effect on soil loss than differences 
between clay and topsoil.  This may be because clay, though having a lower 
permeability than topsoil, also had a lower bulk density than topsoil.   
MINErosion considers both when estimating erodibility, but predicts better for 
unconsolidated materials.  It may not adequately explain the effect of 
compaction, or may be better suited for comparing materials under similar 
conditions of consolidation.  The tilting flume results did show that clay eroded 
more than topsoil, and compacted clay eroded more than similarly compacted 
topsoil. 
 
The RUSLE predictions for slope conditions in the field were harder to 
determine, given the treatments of rock-pitch and the mulches used. 
 
Prior to soil consolidation/compaction, freshly laid materials require more 
protection than uncompacted materials from run-on from berms or roadways 
above.  Bunds at the top of the batter slope can serve this purpose.  With time, 
consolidation reduces this susceptibility to erosion, shown by the number of rills 
observed in the field decreasing with time.  This is consistent with the 
assumptions made in the RUSLE model, that consolidation reduces soil loss.  
Though this shows that some compaction can stabilise a soil against the effects 
of increased runoff production, the laboratory tilting flume results show that 
greater compaction by machinery can produce soils that are more likely to   155
produce erosive runoff and itself be eroded.  These require additional treatments, 
such as mulch and vegetation, to reduce erosion to a more acceptable level.   
 
Soil type/texture/properties and the surrounding native vegetation affect the 
decisions made regarding how to manage soil loss and what is considered 
acceptable.  By comparison, soil erosion rates of less than 0.5 t/ha/yr are typical 
for mature, undisturbed forest (Stocking, 1994).  Studies such as this support the 
direction of research towards modifying model parameters to suit specific 
applications, given that there is a need to continually improve rehabilitation 
practices and general erosion control measures wherever land is disturbed.   
Where sites used to evaluate erosion control practices are set up, monitoring 
should occur with the site remaining undisturbed for ten years, or longer if 
possible (Ferris, 1996a).  Erosion monitoring and erosion alleviation go hand in 
hand. 
 
 
6.4  Long term fate and sustainability of vegetation 
 
As mentioned above, promotion of species diversity is necessary for 
sustainability.  This would require species with varying life histories that would 
provide continuous cover all year round and increase the chances of regrowth in 
the event that fire, disease, grazing and senescence significantly decrease plant 
density and cover.  It would require maximising the number of species included 
in the original seed mix.  Diversity would be promoted by the exclusion of 
Kennedia nigricans and any other species found in future monitoring to become 
dominant to the detriment of other species.   The long term stability of 
vegetation would be aided by the presence of those animals that are involved in   156
pollination, seed dispersal and seed burial, and these were observed on the field 
plots within the first six months of plant establishment.  These included ants, 
flies, bees and dragonflies.  Evidence that self-regeneration of the native species 
was occurring was observed in the field.  Other animals associated with 
increased ecosystem stability that were observed in the first six months since 
vegetation establishment included ladybirds, beetles, cicadas, spiders, finches, 
ravens, sparrows, frogs, lizards and kangaroos.   
 
6.5  Long term stability of the slopes 
 
The laboratory tilting flume trials showed that the soil and mulch materials used 
on the field plots at Worsley Refinery are likely to have acceptable long term 
stability, producing relatively little erosion under a 30-minute, 100 mm/hr 
intensity  storm.  Such a storm has an Average Recurrence Interval of over 100 
years (Jenkins, 1997).  In particular, rock-pitch was shown to resist erosion well 
and not be subject to mass movement along a compacted clay surface with 
slopes up to 50%.  Whereas fire and senescence can reduce the soil protection 
provided by vegetation and mulch, rock-pitch is not susceptible to fire or 
senescence.  This does not discount the usefulness of vegetation in the long 
term, as it is renewable, provides additional erosion protection, improves soil 
infiltration, and has aesthetic and ecological qualities. 
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Appendices 
 
Appendix 1 - Layout of plots 
 
 
BRDA2a 
Gradient = 40.3-45.6% 
 
    *   *                 *   *       *        *        *                
  A   A   A   A        E  E  EEEBBBBFFFFFC  C  CCGGGGGHHHHH DDD  D  
  5 2 1 7      2 3 4 6 8 5 7 1 2 6 4 8 2 3 5 1 2 7 6 8 2 4 3 2 4 3 8 6  7 5 1 2 
|--NON-ROCKY--|-ROCKY|---------------------NON-ROCKY---------------------|-------------------------------ROCKY----------------------------------| 
 
SOUTHÅ------------------------------------------------------------------------------------------------------------------------------------------------ÆNORTH 
 
A-H:    blocks of one replicate 
1:    Best previous practice: Topsoil, hydro-mulching, no rock pitching, old seed mix and lower fertiliser rate 
2:    Best practice (BP): Rock-pitching, topsoil and hydro-mulch seeding with new seed mix and double fertiliser rate 
3:    BP with lower seed rate  
4:    BP with lower fertiliser rate  
5:    BP without hydro-mulching 
6:    BP without topsoil 
7:    BP with turbo-mulching - seed on top of turbo-mulching 
8:    BP with turbo-mulching - seed below top third of turbo-mulch 
 
 
*:  included 1 Macrozamia seed in weight of seed initially spread, therefore added 14 g more seed. 
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BRDA2b 
Gradient = 51.2-54.8% 
 
   I          J      J          
    9         9      10       
|-------NON-ROCKY----------|------------------------ROCKY---------------------------| 
 
SOUTHÅ------------------------------------------------------------------------ÆNORTH 
 
I+J:    blocks of one replicate 
9:    BP on steeper slope 
10:    BP without topsoil on steeper slope 
 
 
BRDA4Xa - Upper slope 
Gradient = 37.2-38.1% 
 
    K        
      1 1       
         NON-ROCKY 
 
WESTÅ-------------------------------ÆEAST 
 
K:    block of one replicate 
11:    BP on a southern aspect on BRDA4X and similar slope to BRDA 2 
 
 
BRDA4Xa - Lower slope 
Gradient = 33.3-33.5% 
 
    L        
      1 1       
  ROCKY 
 
WESTÅ-------------------------------ÆEAST 
 
L:    block of one replicate 
11:    BP on a southern aspect on BRDA4X and similar slope to BRDA 2 
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Appendix 2 - Order of the plots 
Except for blocks I to L, which only consisted of one plot, the plots within all other 
blocks were ordered using a random number generator on a calculator.  The treatments 
were numbered and ordered numerically in the same order as the random numbers 
generated.  Initially, there were considered to be 4 treatments for erosion studies, and 5 
treatments for vegetation studies, hence the division of blocks into either 4 or 5 
plots/treatments.    
 
For example, for blocks        A      B      C   and D: 
Random numbers:         |8359|5940|3180|49425| 
           |---------------------------| 
Treatment no. ordering:     |3124|3421|3241|34  12| 
 
The plots in the field were re-numbered, but the order remains. 
 
 
 
 
 
Appendix 3 - Calculating sump size 
•  The area of each plot was approximately 100m
2.   
•  Assuming a maximum rainfall event of 100mm in 24 hours, this equates to a  
volume (runoff) of 100mm x 100m
2 = 10m
3. 
•  Assuming a storage capacity of the plot surface of 10% of its depth,  
i.e. 10% of 40cm = 40mm, effective runoff = 60mm, 
giving a volume (entering sump) of 60mm x 100m
2 = 6m
3. 
•  With a plot length of 7 metres, sumps of this length were appropriate, leaving depth 
and width dimensions of at least 1m x 0.86m. 
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Appendix 4 - Calculating old seed mix ratios 
 
This was based on Worsley mine site seeding ratios in 1992: 
 
# seed ratios  mass ratios   
1992J 1992W  1992J  1992W 
Mean 
mass ratio 
Acacia 
drummondii 
ssp cand 
643 4857  135  (2.49)  79.0 
(18.8) 
107 
A. 
drummondii 
ssp 
drummondii 
1000 8230 103  (1.89)  65.5 
(15.6) 
84.2 
A. extensa  2.21 28.6 1  (0.0184)  1  (0.238)  1 
A. p var. glab  20.7 183.2  10.1 
(0.185) 
6.89 
(1.64) 
8.5 
Kennedia 
coccinea 
3.70 6.67 2.76 
(0.0507) 
0.384 
(0.0914) 
1.57 
K. p  4.86 333.1  4.48 
(0.0824) 
23.7 
(5.65) 
14.1 
Leucopogon 
propinquus 
1 1 2.72  (0.05)  0.21 
(0.05) 
1.47 
Macrozamia 
riedlii 
1.40 3333  761  (14)  140  042 
(33330) 
70402 
Xanthorrhoea 
preisii 
106.4 410.7 121  (2.22)  36.0 
(8.56) 
78.5 
 
 
Numbers in brackets indicate # seed ratios 
    seeds/gram 
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Appendix 5 - Old seed mix 
 
 
SPECIES MASS (g) Estim. % viability "Correct" ratio
Acacia drummondii ssp. candolleana 15 80 related to ratio
A. extensa 18 0 yes
A. lasiocarpa 6 80 related to viability*
A. ligulata 6 80 related to viability
A. pulchella var. glaberinna 88 0 yes
A. saligna 6 80 related to viability
A. urophylla 10 80 related to viability
Agonis flexuosa 45
Anigozanthos flavidus 9
Bossiaea aquifolium 13 50
B. linophylla 65 0
Hardenbergia comptoniana 3 70 related to viability
Kennedia coccinea 27 0 yes
Kennedia nigricans 2 70 related to viability
Kennedia prostrata 14 70 yes
Leucopogon propinquus 21 0 yes
Macrozamia riedlei 5 seeds 4
Mirbelia dilata 14 25
Templetonia retusa 4
Xanthorrhoea preisii 30 2 related to ratio
TOTAL 155  
 
* based on mass of species of similar viability. 
 
NB- 'Correct ratios' are from mine site seed mix 1992. 
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Appendix 6 - New seed mix 
 
 
 
SPECIES MASS (g)
Acacia alata 103
Acacia extensa 169
Acacia gilbertii 114
Acacia incurva 26
Acacia latericola 31
Acacia urophylla 100
Andersonia involucrata 6
Anigozanthos flavidus 74
Anigozanthos manglesii 49
Baeckea camphorosmae 74
Bossiaea aquifolium 114
Bossiaea eriocarpa 100
Bossiaea linophylla 95
Bossiaea ornata 29
Bossiaea pulchella 72
Calothamnus graniticus 71
Calothamnus quadrifidus 85
Cyathochaeta avenacea 97
Danthonia caespitosa 99
Dasypogon bromellifolius 29
Daviesia cordata 92
Daviesia physodes 67
Dryandra sessilis 9 (414 seeds)
Gompholobium capitatum 26
Gompholobium marginatum 44
Gompholobium ovatum 3
Gompholobium shuttleworthii 14
Gompholobium venustum 14
Grevillea bipinnatifida 12
Grevillea quercifolia 9
Haemodorum laxum 21
Hakea amplexicaulis 62
Hakea lissocarpha 70
Hakea ruscifolia 15
Hakea trifurcata 35
Hakea undulata 70 
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New seed mix cont. 
 
 
 
SPECIES MASS (g)
Hardenbergia comptoniana 67
Hemigenia ramosissima 69
Hibbertia lasiopus 23
Hibbertia serrata 21
Hypocalymma angustifolium 52
Jacksonia furcellata 23
Kennedia coccinea 93
Kennedia nigricans 42
Kennedia prostrata 92
Leucopogon propinquus 24
Macrozamia riedlei 34 seeds
Melaleuca incana 44
Melaleuca preissiana 23
Mesomelaena tetrogona 31
Mirbelia dilata 44
Patersonia juncea 9
Pericalymma elliptica 44
Pimelia cileata 44
Pterochaeta paniculata 6
Sphaerolobium medium 21
Stylidium affine 84
Stylidium brunoniamum 6
Stylidium junceum 2
Thysanotus dichotomus 6
Trymalium floribundum 52
Xanthorrhoea gracilis 103
TOTAL 3125 
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Appendix 7 – Raw data from Worsley Alumina Pty. Ltd. from which seed ratios were 
calculated. 
 
Note:   1992 was chosen as the year in which the greatest number of species of available  
seed were used.  This year was also one of the more successful years in terms of  
plant establishment. 
 
 
 
EXTRACT FROM TOTAL SEED 
LIST  1993 
1986-1996 - Seeds/Hectare     Tests 
Species 1992J 1992W (%  germinated) 
Acacia alata  1517 851  34.6 
Acacia drum sp cand  33417 43710 79.8 
Acacia extensa  115 257  82 
Acacia gilbertii  2805 930  75.8 
Acacia pul. var glab  1080 1649  72 
Andersonia involucrata  65248 107635                                      ---
Bossiaea ornata  43552 13634 47 
Calothamnus quadrifidus  461                                          ---
Daviesia cordata  95                                          ---
Gompholobium 
marginatum  402 2230 66.7 
Gompholobium venustum  791  7458                                       ---
Hakea undulata  12  125                                       ---
Hypocalymma angustifolia 4176  10336                                       ---
Kennedia coccinea  192  60                                       ---
Kennedia prostrata  253 2998 0 
Kunzea recurva  4630  27180                                       ---
Leucopogon propinquus  52  9                                       ---
Macrozamia riedlei  73  29994                                       ---
Stylidium affine  1363  1591                                       ---
Xanthorrhoea gracilis  18                                          ---
Xanthorrhoea preissii  5534  3696                                       ---
TOTAL COUNT  21 18     
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Appendix 8 - Calculating seed amounts 
 
Old seed:   1 treatment, 4 plots, all with sumps (later changed to 2 plots with sumps),  
5 kg/ha  
Æ 1x2x7x10.5 + 1x2x7x13 =   329 m
2  
or 164.5 g  
 
New seed:   3 treatments, 12 plots, without sumps, 5kg/ha  
Æ 3x4x7x13  
+ 1 treatment, 8 plots, all with sumps (later changed to 2 plots with 
sumps), 5 kg/ha 
Æ 1x2x7x10.5 + 1x2x7x13    
       =   1421m
2  
or 710.5g  
 
          1 treatment, 4 plots, without sumps, 2.5kg/ha  
Æ 1x4x7x13           =   364 m
2  
or 91g 
 
    5 treatments, 20 plots, without sumps, 5kg/ha  
Æ 5x4x7x13           =   1820m
2  
or 910 g 
            -----------------------------             -----------        
TOTALS =   11 treatments, 48 plots                        1711.5g of seed. 
 
 
 
 
 
Appendix 9 – Numerical data used in the MINErosion model. 
 
  From field data and soil laboratory tests:  From flume: 
Material  Organic (%)  Sand (%)  pH  Bulk  density 
(g/cm
3) 
Infiltration 
(mm/hr) 
Topsoil 3.5  50  6.73  1.62  59.4 
Consolidated topsoil  3.5  50  6.73  1.73  24.48 
Clay 2  30  5.63  1.46  41.4 
Compacted clay  2  30  5.63  1.73  23.11 
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Appendix 10 – Sensitivity analysis of changing the parameters used in the MINErosion model. 
 
Change in event soil loss by modifying each of the soil properties as indicated below.  
          
  Change in event soil loss:         
  TOPSOIL TO CLAY 
TOPSOIL TO CONSOLIDATED 
TOPSOIL  CLAY TO CONSOLIDATED CLAY
  20% slope  30% slope  20% slope  30% slope  20% slope  30% slope 
Organic Content  10%  7%   -   -   -   - 
Sand  -37.50%  -33%   -   -   -   - 
PH  75% 78%   -    -    -    - 
Bulk  Density  85% 98% -50%  -62%  -47%  -59% 
Infiltration  90% 82% 145%  156%  42% 48% 
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Appendix 11 - Numerical data used in the RUSLE model. 
 
 From  flume:   
From Renard 
et. al. (1997):    Estimated: 
Material: 
Infiltration 
(mm/hr) 
Length 
(m) 
Slope 
gradient 
(%) 
Length-Slope 
(LS) factor 
Rainfall 
erosivity
(EI30)~ 
Cover 
management 
factor (C) # 
Support 
Practice 
factor (P) #
BARE, UNCONSOLIDATED TOPSOIL  59.4  13  42.95  3.99  41.65  1  1 
BARE, UNCOMPACTED CLAY  41.4  13  42.95  3.99  41.65  1 1 
CONSOLIDATED TOPSOIL  24.48  13  42.95  3.99  41.65  1 1 
COMPACTED CLAY  23.11  13  42.95  3.99  41.65  1 1 
MULCH ON TOPSOIL  59.4  13  42.95  3.99  41.65  0.481427 1 
TOPSOIL WITH 54.8% GRADIENT  59.4  13  54.8  4.94  41.65  1 1 
TOPSOIL WITH 10% 3 ft VEGETATION59.4  13  42.95  3.99  41.65  0.925918 1 
TOPSOIL WITH 30% 3 ft VEGETATION59.4  13  42.95  3.99  41.65  0.777755 1 
TOPSOIL WITH 50% 3 ft VEGETATION59.4  13  42.95  3.99  41.65  0.629591 1 
TOPSOIL WITH 70% 3 ft VEGETATION59.4  13  42.95  3.99  41.65  0.481427 1 
TOPSOIL 5yrs UNDISTURBED  59.4  13  42.95  3.99  41.65  0.565328 1 
TOPSOIL 10yrs UNDISTURBED  59.4  13  42.95  3.99  41.65  0.319595 1 
TOPSOIL 20yrs UNDISTURBED  59.4  13  42.95  3.99  41.65  0.102141 1 
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Appendix 12 – Data used in RUSLE calculations for annual soil loss prediction, based 
on (i) the time periods for which field sump measurements were taken, and (ii) the 
time periods for which field trough/tipping bucket measurements were taken. 
 
(i) During periods of sump measurements: 
TIME PERIOD  Aug 2000 to 
Feb 2001 
Mar 2001 to 
Jul 2001 
Sep 2001 to 
Nov 2001 
Dec 2001 to 
June 2002 
CONSOLIDATION 
TIME SINCE 
TREATMENTS WERE 
SET UP (yrs) 
0.67 1  1.5 2 
% OF ANNUAL EI 
RECEIVED DURING 
PERIOD 
58.6  41.4 19.4 69.9 
CANOPY COVER (%) 
– ‘Best Previous 
Practice’ 
1.4  2 2 15 
CANOPY COVER (%) 
– ‘Best Practice’ 
1.4 10 10 50 
CANOPY HEIGHT (ft)  0.1  3  3  3 
 
 
(ii) During periods of trough/tipping bucket measurements: 
TIME PERIOD  Jul 2001 to 
Dec 2001 
Jan 2002 to 
Jun 2002 
Jul 2002 to 
Aug 2002 
CONSOLIDATION TIME SINCE 
TREATMENTS WERE SET UP (yrs) 
1.5 2  2.2 
% OF ANNUAL EI RECEIVED 
DURING PERIOD 
45.6 54.4  10.7 
CANOPY COVER (%) – ‘Best 
Previous Practice’ 
2 15 25 
CANOPY COVER (%) – ‘Best 
Practice’ 
10 50  60 
CANOPY COVER (%) – ‘BP turbo 
then seed’ 
25 75  90 
CANOPY HEIGHT  3  3  3 
 
 
 
 
 
 
 
 
 
 
 
 
 